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The thesis proposes a control scheme based on an explicit model predictive control
(EMPC) for suppressing fluctuation in time responses of mechanical systems. The
control objective is not only to achieve robust tracking performance and rejecting
disturbances, but also to suppress the fluctuation of the mechanism. Two kinds of
fluctuation systems are considered in this thesis, i.e., torsional fluctuation system
which a measured output contains an outlier and active magnetic micromanipula-
tor which the operating point changes, or holding angle changes.
The torsional fluctuation system can be represented by two-mass system which
typically consists of a driving motor and load, both of which connect through a
flexible shaft. Consequently, there is the difference between the motor and load
speed, which results in the torsional fluctuation inevitably. In addition, the mea-
sured output, the motor speed, contains an outlier. The requirement of the high
speed servo operation, tracking the desired motor speed, has to carefully design.
The robust EMPC is proposed in order to achieve not only good tracking perfor-
mance and load-change effect rejection, but also low torsional fluctuation whereas
the measurement noise contains outliers. The control structure is based funda-
mentally on the combination of EMPC and an estimator where the well-known
Kalman filter is replaced by the estimator to deal with the outlier phenomena.
The effectiveness of the proposed method is compared with a PID control scheme
by means of the simulation validations.
The active magnetic micromanipulator having two dimensional degree of freedom
that is able to move along x and y-axis in micro scale. The proposed micromanip-
ulator’s structure consists of two decoupling links, namely the top and bottom link
are able to move along the x and y-axis, independently. Each link has identically
parallel leaf spring mechanisms. For a steering force, the combination of perma-
nent magnets and electric coils is utilized as double driving. The hybrid control
scheme is proposed which is a combination between EMPC and PID controllers.
The PID controller is suitable for handling the holding angle changes, or the initial
displacements. The EMPC controller provides an excellent tracking performance.
The control objectives are to achieve the robust tracking performance and to sup-
press the fluctuation of the flexible structure. Root mean square error is less than
4µm whereas the active magnetic micromanipulator held by the user’s hand. The
experimental results obtained indicate the effectiveness of the hybrid control.
The results in this thesis reveal the effectiveness of both control schemes, robust
EMPC and hybrid control, for suppressing the fluctuation in mechanical systems.
For the torsional fluctuation system which the measured output contains an out-
lier, the results also show combining different norms. For the active magnetic
micromanipulator, the results also show combining two controllers to handle the
nonlinear system collectively. The contributions of the hybrid control enable a
user to accomplish tracking reference tasks beyond human dexterity with the ac-
tive magnetic micromanipulator.
本論文では機械システムの時間応答における不安定な振れを抑制するため
に、正確なモデル予測制御に基づく制御方法とその機械システムへの応用に
ついて論じている。まず2質点のねじり振動系ではロバスト性の高い正確なモ
デル予測制御法(Robust EMPC)が、目標追従性能や負荷変動の影響を低減さ
せるだけでなく、低周波数のねじれ振動の抑制も可能になることを提案して
いる。また磁気駆動式2次元ハンドヘルドマイクロマニピュレータでは正確
な予測制御法(EMPC)とPID制御法を組み合わせた、ハイブリッドロバスト制
御法を論じている。実験結果ではロバストハイブリッド制御法の効果が得ら
れ、操作者が微小位置決めさせた場合、平均誤差を4ミクロン以下にし、微細
医用手術などへの応用の可能性が示された。
Acknowledgements
To my parents, Saree, Pachanee and Narongrit
And my inspiration, Tawanchat Boksuwan.
Grateful to Prof. Dr. Hisayuki Aoyama
and Chisato Kanamori as a supervisor.
vii
Contents
Declaration of Authorship i
Abstract iii
Acknowledgements vii
Contents viii
List of Figures xi
List of Tables xiii
1 Introduction 1
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1.1 MPC formulation . . . . . . . . . . . . . . . . . . . . . . . . 3
1.1.2 State estimator . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.1.3 Explicit model predictive control . . . . . . . . . . . . . . . 6
1.2 Control strategy for mechanical system with fluctuation . . . . . . . 8
1.2.1 PID control scheme for a single beam system . . . . . . . . . 9
1.2.2 LQG control scheme for a single beam system . . . . . . . . 10
1.3 Research motivation . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.3.1 The proposed control scheme of torsional fluctuation systems 12
1.3.2 The proposed control scheme of active magnetic microma-
nipulator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.4 Outline of thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
Bibliography 16
2 Robust EMPC formulation for torsional fluctuation system 18
2.1 Torsional fluctuation system . . . . . . . . . . . . . . . . . . . . . . 18
2.2 Controller scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.2.1 Model of two-mass system . . . . . . . . . . . . . . . . . . . 20
2.2.2 Robust EMPC control scheme . . . . . . . . . . . . . . . . . 21
2.2.3 EMPC formulation for two-mass system . . . . . . . . . . . 22
viii
Contents ix
2.2.4 State Estimation . . . . . . . . . . . . . . . . . . . . . . . . 23
2.2.5 EMPC Controller design . . . . . . . . . . . . . . . . . . . . 25
2.2.6 Region Detection . . . . . . . . . . . . . . . . . . . . . . . . 27
2.3 EMPC performance . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.3.1 Effects of sampling time changes . . . . . . . . . . . . . . . . 30
2.3.2 Effects of parameter changes . . . . . . . . . . . . . . . . . . 31
2.3.3 Effects of measurement noise . . . . . . . . . . . . . . . . . . 33
2.4 Robust EMPC design . . . . . . . . . . . . . . . . . . . . . . . . . . 34
2.4.1 simulation validations . . . . . . . . . . . . . . . . . . . . . 35
2.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
Bibliography 39
3 Hybrid control formulation of active magnetic micromanipulator 41
3.1 Active magnetic micromanipulator design . . . . . . . . . . . . . . . 41
3.1.1 Active magnetic micromanipulator with parallel leaf spring
structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.1.2 Mathematical modelling . . . . . . . . . . . . . . . . . . . . 44
3.1.3 Hybrid control scheme . . . . . . . . . . . . . . . . . . . . . 46
3.2 Hybrid control scheme . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.2.1 PID controller design . . . . . . . . . . . . . . . . . . . . . . 47
3.2.2 EMPC controller design . . . . . . . . . . . . . . . . . . . . 48
3.2.3 Switching policy . . . . . . . . . . . . . . . . . . . . . . . . 51
3.3 Experimental study . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.3.1 Experiment Setup . . . . . . . . . . . . . . . . . . . . . . . . 53
3.3.2 Experimental results . . . . . . . . . . . . . . . . . . . . . . 53
3.3.3 Frequency response performance . . . . . . . . . . . . . . . . 55
3.3.4 Comparison to PID controller . . . . . . . . . . . . . . . . . 56
3.3.5 Hybrid control performance . . . . . . . . . . . . . . . . . . 59
3.3.6 Robust tracking performance . . . . . . . . . . . . . . . . . 61
3.3.7 Bandwidth and RMS error . . . . . . . . . . . . . . . . . . . 64
3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
Bibliography 70
4 Pen-like active magnetic micromanipulator 74
4.1 Pen-like active magnetic micromanipulator . . . . . . . . . . . . . . 74
4.2 Mathematical model with gravitational force . . . . . . . . . . . . . 75
4.3 Hybrid control formulation for pen-like active magnetic microma-
nipulator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
4.4 Experimental study . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
4.4.1 Design of a hybrid controller . . . . . . . . . . . . . . . . . . 82
4.4.2 Tracking performance . . . . . . . . . . . . . . . . . . . . . . 85
Contents x
4.4.3 Suppressing tremor effects on active magnetic micromanip-
ulator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
4.5 PID controller for maintaining needle tip . . . . . . . . . . . . . . . 88
4.5.1 Experimental results . . . . . . . . . . . . . . . . . . . . . . 89
4.5.2 Tracking performance with PID controller . . . . . . . . . . 90
4.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
Bibliography 93
5 Conclusion and future direction 94
5.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
5.1.1 Chapter 1 conclusion: introduction . . . . . . . . . . . . . . 94
5.1.2 Chapter 2 conclusion: robust EMPC formulation for tor-
sional fluctuation system . . . . . . . . . . . . . . . . . . . . 95
5.1.3 Chapter 3 conclusion: hybrid control formulation of active
magnetic micromanipulator . . . . . . . . . . . . . . . . . . 96
5.1.4 Chapter 4 conclusion: pen-like active magnetic micromanip-
ulator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
5.2 Future works . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
List of Figures
1.1 Basic structure of model predictive control . . . . . . . . . . . . . . 2
1.2 Basic concept of Model Predictive Control . . . . . . . . . . . . . . 3
1.3 Model Predictive Control with disturbance . . . . . . . . . . . . . . 5
1.4 Model Predictive Control with Kalman filter . . . . . . . . . . . . . 6
1.5 Explicit model predictive control scheme . . . . . . . . . . . . . . . 7
1.6 Explicit model predictive control scheme . . . . . . . . . . . . . . . 7
1.7 Single beam system in micro scale movement . . . . . . . . . . . . . 8
1.8 Open-loop response of a single beam system . . . . . . . . . . . . . 9
1.9 PID control for a single beam system in micro scale movement . . . 10
1.10 PID step response of a single beam system . . . . . . . . . . . . . . 10
1.11 LQG control for a single beam system in micro scale movement . . 11
1.12 LQG step response of a single beam system . . . . . . . . . . . . . 11
1.13 Control scheme for a torsional fluctuation system . . . . . . . . . . 13
1.14 Control scheme for an active magnetic micromanipulator . . . . . . 14
2.1 Two-mass system . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2 Robust control scheme for two-mass system . . . . . . . . . . . . . 21
2.3 EMPC control scheme . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.4 Response of motor speed with the step reference . . . . . . . . . . . 30
2.5 Effects of sampling time on tracking performance . . . . . . . . . . 31
2.6 Two hundred response, randomly caused by changing over fifty per-
cent of parameters JL and Ks . . . . . . . . . . . . . . . . . . . . . 32
2.7 Effects due to white Gaussian measurement noise . . . . . . . . . . 33
2.8 PID control scheme for two-mass system . . . . . . . . . . . . . . . 35
2.9 Comparison of the PID and EMPC response under white Gaussian
measurement noise . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.10 Comparison of the PID and EMPC response under white Gaussian
measurement noise and outliers . . . . . . . . . . . . . . . . . . . . 37
2.11 Comparison of the EMPC and Robust EMPC response under white
Gaussian measurement noise and outliers . . . . . . . . . . . . . . 38
3.1 The concept of a handheld micromanipulator . . . . . . . . . . . . . 43
3.2 Schematic of a flexible link . . . . . . . . . . . . . . . . . . . . . . . 43
3.3 Hybrid control for active magnetic micromanipulator . . . . . . . . 46
3.4 Hybrid control scheme for active magnetic micromanipulator . . . . 47
3.5 PID control scheme for active magnetic micromanipulator . . . . . 47
xi
List of Figures xii
3.6 Experimental setup for micromanipulator prototype . . . . . . . . . 52
3.7 Experimental setup for holding angle test . . . . . . . . . . . . . . . 52
3.8 Simplified block diagram of an experiment setup . . . . . . . . . . . 53
3.9 Comparison of frequency responses . . . . . . . . . . . . . . . . . . 56
3.10 Comparison at the holding angle θ = 60◦ of a step response with
amplitude 50µm initiated at 1 second . . . . . . . . . . . . . . . . . 57
3.11 Control signals due to a step signal reference with an amplitude of
50µm initiated at 1 second at θ = 60◦ . . . . . . . . . . . . . . . . . 58
3.12 Comparison of a circle tracking with 50µm radius at the holding
angle θ = 60◦ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
3.13 Step response with an amplitude 50µm at holding angle θ = 60◦ . . 60
3.14 Disturbance states estimated by Kalman filter at the holding angle
θ = 60◦ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
3.15 Step responses under the holding angle changes . . . . . . . . . . . 62
3.16 Circle tracking with 50µm radius and 2 Hz at holding angles of
θ = 0◦, 30◦, 60◦, 90◦ and −90◦ . . . . . . . . . . . . . . . . . . . . . 63
3.17 Ellipse tracking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
3.18 Cardioid tracking . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
3.19 H∞ circle tracking . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.1 Pen-like active magnetic micromanipulator prototype . . . . . . . . 75
4.2 Tremor measured by the high speed microscope . . . . . . . . . . . 76
4.3 Schematic representation of the flexible link . . . . . . . . . . . . . 77
4.4 Robust hybrid control scheme for a handheld micromanipulator . . 79
4.5 Active magnetic micromanipulator fixed with a rotational stage . . 85
4.6 50µm× 50µm square tracking with 1 second completion time . . . 86
4.7 Triangle tracking with 50µm at each vertex with 1 second comple-
tion time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
4.8 The effects of a tremor on circle tracking with RMS error 1.47µm . 87
4.9 The effects of a tremor on ellipse tracking with RMS error 2.81µm . 87
4.10 Two degree of freedom PID control scheme for pen-like active mag-
netic micromanipulator . . . . . . . . . . . . . . . . . . . . . . . . . 88
4.11 Responses of active magnetic micromanipulator whereas maintains
at zero . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
4.12 PID control scheme of the proposed active magnetic micromanipu-
lator at zero with deviation less than 4µm . . . . . . . . . . . . . . 90
4.13 Circle tracking with PID controller . . . . . . . . . . . . . . . . . . 91
4.14 Ellipse tracking with PID controller . . . . . . . . . . . . . . . . . . 91
5.1 Three-dimensional active magnetic micromanipulator prototype where
a linear actuator is used for z-axis. . . . . . . . . . . . . . . . . . . 98
List of Tables
2.1 Two-mass system parameters . . . . . . . . . . . . . . . . . . . . . 20
3.1 PID parameter values for X-axis and Y-axis links . . . . . . . . . . 54
3.2 RMS errors due to periodical reference paths f = 2.5 Hz . . . . . . 66
3.3 RMS errors due to periodical reference paths f = 4 Hz . . . . . . . 66
3.4 RMS errors of a circle tracking with the variation of a frequency
and amplitude at θ = 0 . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.1 PID parameter values for the x- and y-axis links. . . . . . . . . . . 85
xiii
Chapter 1
Introduction
The thesis is about applications of explicit model predictive control (EMPC) for
suppressing fluctuation on mechanical systems. The outline of this chapter is as
follows. First of all, the philosophy, basic concepts and directions of EMPC are
introduced. Next, two fluctuation systems studied in this thesis are introduced
and the potentials of EMPC to suppress the fluctuation are addressed. Finally,
the chapter devotes to the control of a single beam system controlled by PID and
LQG controllers in order to understand and reveal some limitations of standard
techniques.
1.1 Background
An advanced control method called Model Predictive Control (MPC) [1]-[6] has
established itself in the community of industrial applications such as building
controls [7]-[8], power electric systems [9]-[10] and automotive control systems [11].
Additionally, MPC has been utilized to soften a fluctuation in a flexible mechanism
[12]-[15]. MPC control scheme fundamentally requires an on-line optimization for
every sampling steps. Therefore, it requires extensively computation. Another
technique, called explicit model predictive control (EMPC), is introduced which
the optimization is computed at the outset.
The philosophy of MPC and EMPC can be summarize as in [2]. The first papers
on model predictive heuristic control, dynamic matrix control (DMC) and the first
comprehensive exposition of generalized predictive control (GPC) start the ideas
1
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of receding horizon control and model predictive control in the 1980s. However,
the stability of recending horizon control was established in 1993 by James B.
Rawling and Kenneth R. Muske. In 2000 the stability and optimality of MPC was
proved by James B. Rawling and his team. This paper is considered as 2nd most
cited article ever. To reduce the on-line computation, the explicit model predictive
control was introduced by Bemporad, Morami, Dua and Pistokopoulos in 2000.
In 2003, Qin and Badgwell published survey of industrial MPC technology. This
works revealed the potentials and applications so it is right to say that MPC
already established itself in the industry. The research directions[2] head to
1. Reducing complexity of on-line optimization.
2. Reducing complexity of explicit solution.
3. Reducing complexity of explicit solution and combination of both.
The research of MPC and EMPC can be divided into three groups:
1. Theory.
2. Computation.
3. Applications.
This research mainly focuses on the applications of EMPC for suppressing the fluc-
tuation in mechanical system. Anyway, some improvements on standard EMPC
are required because of the requirement of robustness. When we say that a con-
trol system is robust we mean that stability is maintained and the performance
specifications are met for a specified range of model variations (uncertainty range).
Figure 1.1: Basic structure of model predictive control.
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MPC is based on the ideas of receding horizon control and moving horizon optimal
control. The conceptual structure of MPC is depicted in Fig. 1.1. The predic-
tion capability which achieved by the system’s mathematical model allows solving
optimal control problems on line, where tracking error, namely the difference be-
tween the predicted output and the desired reference, is minimized over a future
horizon, possibly subject to constraints on the manipulated inputs and outputs.
The result of the optimization is applied to the system while others are discarded
and a new optimal control problem is solved at next sampling time.
Figure 1.2: Basic concept of model predictive control.
This idea is illustrated in Fig. 1.2.
1. Determine state x(t).
2. Determine optimal sequence of input over horizon.
3. Implement first input u(t).
4. Wait for next sampling time; t = t+ 1.
1.1.1 MPC formulation
MPC is always formulated in the state space. The mathematical model for a
system to be controlled is described by the linear discrete-time difference equations
x(t+ 1) = Ax(t) +Bu(t), x(0) = x0 (1.1)
y(t) = Cx(t)
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where t is a discrete-time index, x ∈ Rn,u ∈ Rm and y ∈ Rp stand for the state,
control input, and output vector respectively. Let xk+1 denote the prediction
obtained by iterating model Eq. 1.1 k times from the current state x(t). In
MPC framework, the optimal control signal u∗(t) is typically the solution of the
following open-loop optimization problem, or regulator problem:
min
u0,...,uN−1
N−1∑
k=0
‖xk‖2Q + ‖uk‖2R (1.2)
subject to Exk + Luk ≤M, k = 0, . . . , N
xk+1 = Axk +Buk, k = 0, . . . , N
x0 = x(t)
where ‖xk‖2Q ≡ xTkQxk, Q ≥ 0 and R > 0. The constraints, umin ≤ u(t) ≤ umax
and xmin ≤ x(t) ≤ xmax can be rewritten as the inequality constraint Exk+Luk ≤
M , which is presented in the detail in [16].
Note that the current input u(t) is distinguished from the optimization variables
uk. Analogously, the state x(t) denotes the system state at time t, while the
corresponding variable xk denotes the predicted state at time t + k, obtained by
x0 = x(t).
For tracking problem, the optimization problem can be expressed as
min
∆u0,...,∆uN−1
N−1∑
k=0
‖yk − yref‖2Q + ‖∆uk‖2R (1.3)
subject to Exk + Luk ≤M, k = 0, . . . , N
xk+1 = Axk +B∆uk, k = 0, . . . , N
yk = Cxk, k = 0, . . . , N
x0 = x(t)
where the constrains ymin ≤ yk ≤ ymax and umin ≤ uk ≤ umax can be rewritten as
the inequality constrain Exk + Luk ≤ M . In general, the objective functions can
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be 1-norm and ∞-norm:
min
u0,...,uN−1
N−1∑
k=0
‖xk‖pQ + ‖uk‖pR (1.4)
subject to Exk + Luk ≤M, k = 0, . . . , N
xk+1 = Axk +Buk, k = 0, . . . , N
x0 = x(t)
where p stands for 1 and ∞. For the tracking problem, the standard 2-norm is
normally utilized. However, the ∞-norm will be used in this thesis to design the
estimator for state variables. The disturbance xd(t) shown in Fig. 1.3 may take
Figure 1.3: Model Predictive Control with disturbance
place and cause the offset in the output. In addition, the model mismatch is the
cause of such offset. In order to obtain offset-free control in MPC framework,
the system model is augumented with a disturbance model which is used to es-
timate and predict the mismatch between measured and predicted outputs. The
augmented disturbance state xd(t) which represents the disturbance and model
mismatch enables the EMPC to achieve the offset free tracking can be written as[
x(t+ 1)
xd(t+ 1)
]
=
[
A 0
0 1
][
x(t)
xd(t)
]
+
[
B
0
]
u(t) (1.5)
y(t) =
[
C 1
] [ x(t)
xd(t)
]
+Du(t)
The disturbance is entering at the output in Eq. (1.5) is utilized. Another model
can be used that the disturbance is entering at the input.
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1.1.2 State estimator
Figure 1.4: Model Predictive Control with Kalman filter.
The MPC is fundamentally based on a full state feedback where some of them
can normally not measured. Therefore, the Kalman filter is used to estimate state
variables and disturbances by means of the output measurement as in Fig. 1.4.
The state equation for the Kalman filter design can be expressed as[
x(t+ 1)
xd(t+ 1)
]
=
[
A 0
0 1
][
x(t)
xd(t)
]
+
[
B
0
]
u(t)
+
[
G 0
0 Gd
][
w(t)
wd(t)
]
(1.6)
zx(t) =
[
C 1
] [ x(t)
xd(t)
]
+Du(t) + v(t)
where
[
w(t) wd(t)
]T
and v(t) are assumed to be white Gaussian noise signals.
The Kalman filter is used to estimate all states variables and designed by means
of Matlab control system toolbox.
1.1.3 Explicit model predictive control
The another way of model predictive control implementation is referred to as off-
line optimizing control. In it, the optimal control law is explicitly computed at
the outset. This approach is also called explicit model predictive control [17], or
EMPC. This framework enables MPC to control the system with small sampling
time. The optimal control law u∗(t) is defined over a polyhedral partition of the
Chapter 1. Introduction 7
Figure 1.5: Explicit model predictive control scheme.
state space
u∗(t) = Kix(t) + ki, x(t) ∈ Ri (1.7)
The optimal control law Eq. (1.7) is continuous and piecewise affine in x(t).
Figure 1.6: Explicit model predictive control implementation.
The polyhedral partition is denoted by Ri. The Ki and ki are the controller gain
corresponding to partition i, or region i. In implementation, the procedure for
computing the optimal control law u∗(t) as in Fig. 1.6 consists in determining
the active region i which the state variables x(t) belongs. Note that the estimated
state and disturbance are utilized in the control law. The explicit solutions can
be obtained via the multi-parametric toolbox [18], and the searching of the active
region can be accomplished by the binary search tree.
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1.2 Control strategy for mechanical system with
fluctuation
Figure 1.7: Single beam system in micro scale movement.
The thesis focuses on the mechanical system which a response contains a fluctua-
tion including the underdamped responses. Two kind of systems are intended. The
first one is a torsional fluctuation system and the second one is an active magnetic
micromanipulator. Before we concentrate on both systems, a single beam system
whose response contains the fluctuation is utilized to evaluate the performance of
PID and LQG controller.
A single beam system which is constructed from a leaf spring with 80µm thick-
ness shown in Fig. 1.7 is an example of the mechanical system with vibration
especially in the micro scale. The combination of coils fixed with frame and per-
manent magnets hung on the beam is utilized as the actuator. The experimental
setup is shown in Fig. 1.7 where the laser is used as a sensor to measure the
displacement. The system is steered by the electromagnetic force controlled by
the voltage supplied to coils. The open-loop response of such system exhibits the
strong fluctuation see in Fig. 1.8. The fluctuation takes 30 second before settle
and continues to fluctuation with the magnitude 4µm. The working range of a
single beam system is in 100µm. The objective is to position the tip of the beam
at a desired position in the working range. Therefore, the behaviour can be repre-
sented by a mass spring damper because of small working range. The behaviour
is a linear dynamic system. To describe the single beam system with the mass
spring damper model, those parameters are found by the identification technique.
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Figure 1.8: Open-loop response of a single beam system.
The obtaining transfer function can be expressed as
G(s) =
11.06s2 − 2203s+ 3.252 ∗ 106
s2 + 6.398s+ 1.509 ∗ 104 (1.8)
In addition, the corresponding state equation is[
x˙1
x˙2
]
=
[
−5.117 122.3
−123.3 −1.281
][
x1
x2
]
+
[
−6.805
52.72
]
u (1.9)
y =
[
476 18.31
] [x1
x2
]
+ 11.06u
Although this system is not suitable for a PID controller, the PID control for such
system will be studied. In addition, the well-known LQG control scheme will be
applied as well in order to reveal the control performance when both controllers
are used to control the single beam system.
1.2.1 PID control scheme for a single beam system
A PID control scheme for a single beam system is shown in Fig. 1.9. The PID
parameters are designed by the tuning rule presented in [19]. The obtained results
are summarized here
Kc = 14.94 ∗ 10−5
τI = 141.65 ∗ 10−5
τD = 121.28 ∗ 10−5
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Figure 1.9: PID control for a single beam system in micro scale movement.
where the parameter N is chosen to be 200. This parameter plays an important
role in a speed adjustment. The step response with an amplitude 50µm is shown
Figure 1.10: PID step response of a single beam system.
in Fig. 1.10 in which the time response is quite slow and contains the strong
fluctuation because the tuning rule used is not suitable for the single beam system.
The time response can not increase because the fast response leads to the unstable
closed-loop system.
1.2.2 LQG control scheme for a single beam system
A LQG control scheme for a single beam system is shown in Fig. 1.11. The
design of the LQG controller is based on the linear time-invariant system equation
x˙ = Ax+Bu+ w (1.10)
y = Cx+Du+ v
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Figure 1.11: LQG control for a single beam system in micro scale movement.
where the data of the matrices A,B,C,D are given by Eq. 1.9. The LQG servo-
controller, or tracking controller, minimizes the cost function
J = E
[
lim
T→∞
1
T
∫ T
0
([
x u
]T
QR
[
x
u
]
+ xTi Qixi
)
dt
]
(1.11)
where xi is the integral of the tracking error, yref − y, and QR = diag(Q,R). The
MATLAB programming is used to design the LQG controller where the design
parameters are Q = diag(1, 0.1), R = 0.1 and Qi = 1. Additionally, the covariant
matrices are chosen as E
[
wwT
]
= 0.02 and E
[
vvT
]
= 0.02. The design of the
LQG controller is computed by the MATLAB programming. The step response
Figure 1.12: LQG step response of a single beam system.
results which is controlled the LQG controller require only 0.1 second which is fast
comparing to the PID controller. However,the response shows a fluctuation at the
steady state. The amplitude of the fluctuation is 4µm.
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1.3 Research motivation
A lot of systems and tools which construct from flexible structures can be defined
as a fluctuation system. Therefore, it is useful to develop a special control scheme
to achieve not only good tracking performance and disturbance rejection but also
suppressing the fluctuation. The results of both PID and LQG controller reveal
that the more advanced control scheme should be developed for such system. In
this thesis, the control scheme based on the explicit model predictive control is
targeted because it is an optimal control strategy that the constraints can be
integrated into the design process. The two system will be considered in this
thesis, i.e., a torsional fluctuation system which a measured output contains an
outlier and an active magnetic micromanipulator which the system itself contains
non linear behaviour. The research is to propose control schemes to achieve:
1. Tracking reference signals.
2. Rejecting external disturbances.
3. Robustness.
4. Suppressing fluctuation.
1.3.1 The proposed control scheme of torsional fluctuation
systems
Torsional fluctuation system can be represented by two-mass system detailed will
be described in chapter 2. The disturbances handled in this thesis are
1. The fluctuation in the speed response caused by the mismatch of a motor
and load speed. These issues are common in the literatures and have a long
time research. Anyway, the control variables could be the position or speed.
2. The measured speed contains an outlier, or high deviation.
The control strategy is to reduce the mismatch speed to soften the fluctuation and
utilize the appropriated norm to explicitly handle the outlier effects in measure-
ment signals because the standard control scheme is not suitable for handling the
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Figure 1.13: Control scheme for a torsional fluctuation system.
outliers. The proposed control scheme for torsional fluctuation system is shown in
Fig. 1.13 The control objectives are as follows:
1. Tracking reference signals.
2. Suppressing fluctuation.
3. Reducing outlier effects.
The idea is to use EMPC controller to achieve first-third objectives and estimator
to handle the outlier.
1.3.2 The proposed control scheme of active magnetic mi-
cromanipulator
Active magnetic micromanipulator proposed in chapter 3 is concentrated on two
dimensional micromanipulator moving along x and y-axis. Each axis makes from
the structure of parallel leaf spring and each axis connects together in cascade.
The combination of electric coils and permanent magnets are used as an actuator.
Because of the parallel leaf spring structures, the structures become flexible which
requires the control scheme. The disturbances are as follows:
1. Fluctuation caused by flexible structures.
2. Robustness against holding angle changes.
3. Tremor caused by the user’s hand.
Chapter 1. Introduction 14
The control strategy is to use hybrid control that is the combination between
EMPC and PID controller. The control scheme for active magnetic micromanip-
ulator is proposed as The control objective is to achieve:
Figure 1.14: Control scheme for an active magnetic micromanipulator.
1. Tracking reference signals.
2. Reducing external disturbances.
3. Robustness (changing of operating points).
4. Suppressing fluctuation.
The idea is to use EMPC controller to handle fluctuation, interference and tremor.
PID controller is utilized to handle nonlinearity.
1.4 Outline of thesis
The thesis is organized as the follows:
1. Chapter 1: Introduction which gives the philosophy and background of the
model predictive control. The motivation is also discussed. Both on-line
computation and off-line computation are discussed. Next the state estima-
tor is given. In addition, the control strategies for mechanical system with
fluctuation responses are introduced.
2. Chapter 2: EMPC formulation for torsional fluctuation system which pro-
poses to control two-mass spring system. The main objective is to apply
EMPC to the control of the two-mass system in order to achieve not only
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good tracking performance and load-change effect rejection, but also low
torsional fluctuation, in the presence of measurement noise containing out-
liers. The EMPC is implemented with the region detection based on the
self-optimizing variable. In addition, the EMPC is combined with the state
estimator designed by the convex optimization technique. Therefore, the
outlier noise is directly handled.
3. Chapter 3: EMPC formulation of active magnetic micromanipulator which
proposes the active magnetic micromanipulator and its control scheme. A
two-dimensional handheld micromanipulator along x- and y- axes is pro-
posed to operate on a micro scale. The control scheme called Hybrid control
is developed to handle the nonlinearity caused by the flexible structure. The
experimental results reveal the effectiveness of the proposed method com-
pared to PID control scheme.
4. Chapter 4: Pen-like active magnetic micromanipulator which proposes the
pen-like handheld micromanipulator. This chapter focuses mainly on sup-
pressing the fluctuation of the micromanipulator structure caused by the
tremor, the user’s hand vibration. The micromanipulator is controlled by
a hybrid control scheme to achieve the excellent tracking performance and
good robustness against variations of holding angles. In addition, the re-
sults of PID control scheme utilized to maintain the needle tip at a desired
position are analysed.
5. Chapter 5: Conclusion and future works. Final chapter summarizes the
thesis and talk about future works on the active magnetic micromanipulator.
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Chapter 2
Robust EMPC formulation for
torsional fluctuation system
The chapter focuses on suppressing the fluctuation in torsional systems where as
the main disturbance is the measured output containing an outlier. This chapter is
organized as follows. In Section 2, the problem formulation, including the model of
the two-mass system, the control structure of the PID and EMPC control scheme,
and the state estimation are presented. Section 3 gives details of the design of the
two-mass system using EMPC and explains the algorithm of region detection. The
performance of the closed-loop system is shown in Section 4 to study the effects of
changes in sampling time, parameter variations, and measurement noise containing
outliers. In Section 5, the robust EMPC is proposed to cope with measurement
noise. A comparison between robust EMPC, EMPC and PID control is presented
in Section 6. The conclusion and future work are presented in the final section.
2.1 Torsional fluctuation system
Figure 2.1: Two-mass system.
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The torsional fluctuation takes place in rolling mill system, robot arms, textile
drives, throttle systems and conveyor belts. They have long history research.
The torsional fluctuation system considered in this thesis can be represented by
a two-mass system shown in Fig. 2.1 equivalently. The two-mass system typi-
cally consists of a driving motor and load, which are connected through a flexible
shaft. Consequently, there is a difference between the motor and load speeds,
which inevitably results in torsional fluctuation. The requirement of high-speed
servo operation, tracking the desired motor speed, has to be designed carefully,
especially if the measurement noise contains outlier signals. The objective is to
achieve an optimal performance and suppressing a fluctuation. In addition, the
robustness is considered as another goal because the load mass changes. In this
thesis, the simulation results show that the classical PID-based control is quite
sensitive to such noise. The controls of two-mass systems have been researched
extensively, and many control techniques have been reported. In industry, two-
mass systems are usually controlled by a proportional-integral (PI) controller [1]
or a classical proportional –integral-derivative (PID) controller. In addition, sev-
eral tuning rules for these controllers have been reported in the literature. For
example, the torsional vibration in the motor speed of a closed-loop system was
damped effectively in [2] using the PI controller.
In this thesis, an advanced control scheme called Robust EMPC established itself
in the community of industrial applications [3] will be proposed for controlling
the two-mass system. The motor-speed control of the two-mass system using the
EMPC strategy has led to some interesting work that is involved in this thesis. For
instance, EMPC was successfully applied to the control of the driving motor speed
[4] to achieve fast tracking performance and to reduce torsional fluctuation, but the
effect of measurement noise was not investigated explicitly in that work. Robust
model predictive control, or robust EMPC, of the two-mass system was proposed
in [5]. The active noise and fluctuation in the two-mass system were studied in [6],
where standard MPC was used with an alternative method of implementation to
allow the EMPC controller to be programmed on a low-cost processor. However,
the computational algorithm was much more complicated than that of EMPC.
In this chapter, the main objective is to apply EMPC to the control of the two-
mass system in order to achieve not only good tracking performance and load-
change effect rejection, but also suppressing torsional fluctuation, in the presence
of measurement noise containing outliers.
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2.2 Controller scheme
2.2.1 Model of two-mass system
The two-mass system shown in Fig. 2.1 can be sufficiently represented by a set
of first-order linear differential equations:
Jmω˙m = Kmia − Ts
JLω˙L = Ts − TL (2.1)
Lai˙a = −Keωm −Raia + ea
T˙a = Ks(ωm − ωL)
where ω˙m stands for the derivative of ωm. The state variables and a control
signal are denoted by x˜(t) =
[
ωm(t) ωL(t) ia(t) Ts(t)
]
and ea, respectively. The
unmeasured external disturbance is denoted by TL. All of the system parameters
and their nominal values are given in Table 2.1.
Table 2.1: Two-mass system parameters.
Parameter Value Unit
motor inertia (Jm) 0.9 kg-cm
2
load inertia (JL) 1 kg-cm
2
torsional stiffness of drive shaft (Ks) 14 Nm/rad
motor torque constant Km 3.30 Nm/A
back electromotive force constant Ks 3.85 V/krpm
armature resistance (Ra) 0.25 Ω
armature inductance (La) 0.1 mH
The control variable is the motor speed ωm and the manipulated variable is the
motor voltage ea. The disturbances handled in this thesis are
1. The fluctuation in the speed response caused by the mismatch of a motor
and load speed, ωm and ωL respectively.
2. The measured speed ωm contains an outlier, or high deviation.
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Figure 2.2: Robust control scheme for two-mass system.
2.2.2 Robust EMPC control scheme
The control objectives are to achieve:
1. Tracking reference signals denoted by ωref .
2. Suppressing fluctuation caused by the mismatch of speed, ωm − ωL.
3. Reducing outlier effects.
First third objectives can be attained by EMPC control scheme which the detail
will be shown later. In addition, the control scheme inherently provides the ro-
bustness due to the variation of load inertia and torsional stiffness, JL and Ks
respectively. The EMPC control scheme is the state feedback framework , i.e., all
state variables must be available for feedback. The standard EMPC framework
can be summarized as:
• For a linear time-invariant system, the combination of EMPC and an ob-
server [7] or Kalman filter is used.
• For a nonlinear system, the combination of EMPC and extended Kalman
filter [8] is usually used. Otherwise, the nonlinear MPC is utilized.
These combination are usually used to estimate state variables, reduce a number
of required sensors and eliminate noise. Both research works [7]-[8] mainly utilize
observer and extended kalman filter to estimate state variables. The process noise
and measured noise are assumed to be white noise. This reveals that observer,
Kalman filter or extended Kalman filter may not suitable for the situation when
the measured speed contains the outlier.
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The idea is to use the suitable cost function, or suitable norm, which is 1 norm to
handle the outlier:
1. The cost function for EMPC design includes the 2 norm to serve first third
objectives and 1 norm for reducing the outlier effects. However, the problem
becomes the multi objective optimization problem.
2. EMPC controller with 2 norm in cost function is used to achieve first third
objectives and an optimal estimator with 1 norm in the cost function for
reducing the outlier effects.
The thesis uses the second idea to avoid the complex design in multi objective
optimization. The proposed control scheme for torsional fluctuation system is
shown in Fig. 2.2. The estimator used in this control scheme is based on the
convex optimization which can solve effectively. The details for designing will be
described later.
2.2.3 EMPC formulation for two-mass system
Figure 2.3: EMPC control scheme for two-mass system.
The proposed EMPC control structure of the two-mass system is depicted in Fig.
2.3. In principle, the block diagram of the control structure relies on a state
feedback strategy, in which the desired reference signal is a motor speed. The
EMPC controller is basically a piecewise affine state feedback law in the discrete
time domain. The mathematical model Eq. 2.1 must be transformed into its
discrete-time counterpart. To simplify the notation, the discretized system is
written as
x˜(t+ 1) = Apx˜(t) +Bpea(t) +BLpTL(t) (2.2)
y˜(t) = Cpx˜(t)
Chapter 2. Robust EMPC formulation for torsional fluctuation system 23
where t stands for a discrete-time index. All the state variables are kept exactly
as the original quantities. In the EMPC framework, the external disturbance is
defined as the output of the linear time-invariant system , the system matrices
of which must be properly chosen to produce the representative output of the
expected real disturbances.
x¯(t+ 1) = Adx¯(t) +Bdn(t) (2.3)
TL(t) = Cdx¯(t) +Ddn(t)
An input variable n(t) is considered as random Gaussian white noise having a
zero mean and variance σ2. For example, a step-like disturbance is modeled as the
output of an integrating system.
2.2.4 State Estimation
The Kalman filter is unquestionably one of the most powerful estimators for mak-
ing effective estimations of all state variables. The Kalman filter design requires
the state-space model of the system in addition to two design parameters: the co-
variances of the process and measurement noises. Additionally, both process and
measurement noises are assumed to be independent identical distributed (IID)
Gaussian. However, the motor-speed information, measured by sensors, may be
corrupted in certain situations. For example, measurements may contain sparse
signals, where most of the entries are zeros, whereas non-zero entries have large
magnitudes compared with the other values, for instance, outliers. The response
of the two-mass system controlled by the robust EMPC is studied in this thesis.
One of the important control objectives of the two-mass system is the achievement
of a very small or zero steady-state error, defined by e = ωm−ωref . Therefore, the
disturbance model Eq. 2.3 should be augmented with the model of the two-mass
system Eq. 2.2, which finally results in a new system of five state variables. The
result is called the augmented system, defined as[
x˜(t+ 1)
x¯(t+ 1)
]
=
[
Ap BLpCd
0 Ad
][
x˜(t)
x¯(t)
]
+
[
Bp
0
]
ea(t) +
[
BLpDd
Dd
]
n(t) (2.4)
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The motor speed ωm is measured and used as the input signal for the Kalman
filter. The measurement equation can therefore be written as
ym(t) = ωm(t) + v(t) (2.5)
whereas the additional signal v(t) is assumed to be white Gaussian measurement
noise. This assumption may result in poor performance if the measurement signal
contains undesired outliers.
For simplicity, the augmented system Eq. 2.4 and the measurement equation Eq.
2.5 are rewritten in the simplified form
x(t+ 1) = Ax(t) +Bu(t) +Bww(t) (2.6)
ym(t) = Cmx(t) + v(t)
where x(t) =
[
x˜(t) x¯(t)
]T
, u(t) = ea(t), and w(t) = n(t) are the state vector,
input, and white process noise, respectively.
The dynamical behavior of the Kalman filter is described by the time update
and measurement update equations, which are jointly computed for the optimal
estimation of all state variables. The time update
xˆk|k−1 = Axˆk−1|k−1 +Buk−1 (2.7)
progressively estimates the state variables at time from the measurements at time
k − 1. Additionally, the measurement update
xˆk|k = xˆk|k−1 +M(ymk − Cmxˆk|k−1) (2.8)
produces the state estimates at time k given the measurement of the motor speed
at time k. The Kalman filter’s parameter, namely an innovation gain M , can be
established effectively using the Matlab control system toolbox. Nonetheless, two
covariance matrices, E(wwT ) = W , and, E(vvT ) = V , are still chosen carefully by
trial and error. Note that the variable x(t) is distinguished from xˆk which is the
estimation value at time t+ 1.
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2.2.5 EMPC Controller design
Explicit Model predictive control is currently an advanced control algorithm, which
is formulated as a tractable optimization problem. The optimal solutions, or op-
timal control inputs, are obtained immediately by minimizing the particular ob-
jective function under some limitations or constraints on the input and output
variables. Moreover, the predicted values of future plant behavior are compatibly
encompassed in the optimization process. For the torsional vibration system, it
is reasonable to formulate the optimization problem in form because the rate of
change of an input signal plays an important role in preventing torsional vibra-
tion. In addition, the unmeasured external disturbance is handled efficiently by
augmenting the disturbance model Eq. 2.3 with the model of the two-mass sys-
tem, which is very similar to Eq. 2.4 but ignores the last term. The output vector
shown in Eq. 2.6 is made up of two entries, i.e., the driving motor speed and
the difference between the driving motor and load speeds.The difference between
these two speeds results in strong torsional vibration. In other words, the vibration
occurs inevitably because of these speed mismatches. Therefore, the reduction of
such mismatches leads directly to a decrease in torsional vibration.[
x˜(t+ 1)
x¯(t+ 1)
]
=
[
Ap BLpCd
0 Ad
][
x˜(t)
x¯(t)
]
+
[
Bp
0
]
ea(t) (2.9)[
y1(t)
y2(t)
]
=
[
ωm(t)
ωm(t)− ωL(t)
]
Again, the augmented system Eq. 2.9 is rewritten in the simplified form
x(t+ 1) = Ax(t) +Bu(t) (2.10)
ym(t) = Cmx(t)
where x(t) =
[
x˜(t) x¯(t)
]T
, u(t) = ea(t), and y(t) =
[
y1(t) y2(t)
]T
are the state,
input, and output state vectors, respectively. The model predictive control of the
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augmented system Eq. 2.9 is formulated as the finite-time optimization problem
min
u0,...,uN−1
N−1∑
k=0
‖yk − yref‖2Q + ‖∆uk‖2R
subject to ymin ≤ yk ≤ ymax, k = 0, . . . , N
umin ≤ uk ≤ umax, k = 0, . . . , N
∆umin ≤ ∆uk ≤ ∆umax (2.11)
xk+1 = Axk +Buk
yk = Cxk (2.12)
xk = x(t)
where ‖x‖2Q ≡ xTQx,Q ≥ 0 and R > 0. The matrices Q and R are chosen to be
the positive semidefinite and positive definite matrices, respectively. Their values
play an important part in the compromise between the tracking performance and
the reduction in torsional vibration. Furthermore, integer constants, and (the
control horizon and prediction horizon, respectively), impose strongly undesirable
consequences in the EMPC, i.e., a large horizon leads to a huge number of regions
of the control laws. The future states, or future behaviors, of the augmented
system are predicted by the linear dynamical model Eq. 2.10. The notations
xk+1 and yk+1 represent the predicted values of the state and output variables at
time k + 1.
The fundamental idea of model predictive control is that the optimal vector
U∗ =
[
∆uk . . .∆uk+N−1
]T
is established by solving the optimization problem
Eq. 2.11. However, only its first entry is applied to the system, while the oth-
ers are discarded completely. At the next sampling period, the same computing
process is repeated. For the control of the two-mass system, the weighting ma-
trix Q, though this is not strictly necessary, is selected to be the diagonal matrix
Q = diag(q1, q2). Therefore, the cost function, the time indices of which are hid-
den, can be rewritten more clearly as
J =
∑
q1 [ωm − ωref ]2 + q2 [(ωm − ωL)− 0]2 +
∑
R∆u2 (2.13)
The first term focuses on the tracking performance for a reference signal. The
second term emphasizes the decrease in torsional vibration. Additionally, the
minimization of the rate of change of the input signal results in an enormous
reduction in torsional vibration.
Chapter 2. Robust EMPC formulation for torsional fluctuation system 27
For EMPC, the above optimization problem can be solved parametrically using
techniques of parametric programming [10]. The optimal solution, which is pro-
duced effectively by this approach, turns out to be a piecewise affine (PWA) func-
tion of the initial state xk. The set of control laws, therefore, can be written
explicitly as
∆uk = K
ixk + k
i, xk ∈ Ri (2.14)
The polyhedral partition is denoted by Ri. The Ki and ki are the controller gain
corresponding to partition i, or region i. Unlike in standard MPC, the result of
EMPC is the closed-form solution, which is enormously more useful in the embed-
ded system. It is quite simple to implement the obtained set of control laws. At the
first step, given the initial state xk, which is the state at time k, the corresponding
polyhedral region is identified by a region detection algorithm. Consequently, the
associated constant matrices K and k are both picked to calculate the optimal
control signal uk = uk−1 + ∆uk.
2.2.6 Region Detection
In EMPC framework, the controller gains are defined according to the polyhedral
partition. The on-line computation is an algorithm for identifying a region which
a current state belong to. Such region is call an active region. There are two
techniques, i.e., searching tree and self-optimizing variable. The last technique
saves time to be used. Therefore, it is advantageous for small-scale embedded
systems to use an effective region detection method called the “self- optimizing”
variable. The mechanism can be described as
ci = uk − (Kixk + ki) (2.15)
to switch between polyhedral regions rather than the “centralized” approach. The
former requires much less computational time to identify the optimal region, so it
is suitable for small-scale controllers. For the optimal condition, a self-optimizing
variable is required so that ci − cis , whereas cis is a constant inside each region.
Because of the continuity of the solution, the variable ci is continuous across the
boundary of region i. Consequently, the value of the vector ci − cis will change
its sign or remain zero, while the variable ci crosses into or from a neighboring
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region. The algorithm for detecting an active region and computing uk is shown
below [11].
Algorithm: Detect current region and calculate ∆uk
Require: xk and CRk−1, i.e.,the active region of the last sampling time.
1. ∆u = K(CRk−1)xk + k(CRk−1)
2. [Regions,α] = Neighbors(CRk−1)
3. for i = 1 to length(Regions) do
4. ck(i) = α(uk − (K(Regions(i))xk + k(Regions(i)))
5. end for
6. if sign (ck(i) 6= −1)
7. CRx = Regions(i)
8. else
9. CRk = CRk−1
10. end if
11. return ∆uk = K(CRk)xk + k(CRk), CRk
The above algorithm requires the current state variables (estimated by the Kalman
filter in this paper) and the last optimal region as the input information, whereas
the algorithm returns the outputs ∆uk and the current optimal region. At the
next sampling period, this active region is used as the input and the whole process
is computed iteratively.
2.3 EMPC performance
The EMPC controller for controlling the two-mass system, the parameters of which
are taken from Table. 2.1 and which is discretized with Ts = 0.05 second, is de-
signed using the short prediction and control horizon 2 because both horizons have
strong influences on the complexity of the controller, i.e., a longer horizon leads to
a larger number of polyhedral regions. Therefore, the minimum number of both
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horizons should be employed, particularly in small-scale embedded systems. For
the establishment of the EMPC law, parametric programming is utilized effec-
tively to solve the optimization problem Eq. 2.11, in which the overall desired
performance of the closed-loop system is intuitively weighted by two matrices,
Q = diag(20, 10) and R = 2. As a result of the parametric programming, the
optimal control law consists of seven regions of a polyhedron.
The simulation of the closed-loop system is accomplished by the combination of
the optimal EMPC control law and the traditional Kalman filter. The design of
the Kalman filter is achieved using the Matlab control system toolbox with the
covariances of the white process and measurement noises of E(wwT ) = 1 and
E(vvT ) = 0.01, respectively. The innovation gain is
M =
[
0.603 0.671 −9.253 −0.349 −1.575
]
(2.16)
The time update Eq. 2.7, and measurement update Eq. 2.8, collectively estimate
all of the state variables. The simulation is carried out with the desired speed
reference, ωref = 1.5 [krpm] and the step external load disturbance TL = 0.2 [Nm]
entering at 2.5 second. The response of the motor speed and the corresponding
control signal are depicted in Fig. 2.4. The driving motor speed takes only
0.6 second to reach the desired reference, and stays there without any steady-
state error. Thus, the tracking performance is achieved successfully. The external
disturbance, TL, entering at 2.5 second, slows down the motor-speed response
before the EMPC controller brings it back to the desired reference within just
0.6 second. In addition, the torsional vibration is incredibly reduced, except that
small non-monotonic behavior occurs near the start time. Several works, e.g., [3],
have faced the same situation whenever the two-mass system is controlled by the
EMPC controller. The reason is that, at the beginning, a huge error in the motor
speed occurs if the desired reference is exactly the same as the step signal. This
error makes the EMPC over-react slightly. To overcome this problem, the desired
reference signal should be generated as the output of the first- or second-order
system to eliminate, or at least to soften, such undesirable responses, but the
tracking performance is slightly degraded.
The following three subsections are devoted to a deeper analysis of the performance
of the closed-loop system, including the three effects of sampling time, system
parameter change, and measurement noise. The insights obtained will be very
useful in the design of a robust EMPC controller.
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Figure 2.4: Response of motor speed with the step reference.
2.3.1 Effects of sampling time changes
In small-scale embedded systems, the sampling time always plays an important
role because the computational speed of small processors such as microcontrollers
is very different from that of personal computers. It is reasonable to study the
effects of the sampling time. Two EMPC controllers are designed here with ex-
actly the same design parameters except for the sampling times of Ts = 0.05 and
Ts = 0.08 second. The numbers of polyhedral regions in both the control laws
obtained are identical. The simulation results are shown in Fig. 2.5. The motor
speed ωm obtained with the larger sampling time results in a longer settling time,
while the impact of the torsional vibration is increased significantly. Additionally,
the tracking performance is degraded rapidly, and the capability for rejecting the
external load disturbance is decreased enormously. Intuitively, the torsional vi-
bration systems, particularly the two-mass system, turn out to be quite difficult
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Figure 2.5: Effects of sampling time on tracking performance.
to manipulate if the closed-loop system takes a long time to determine the effects
after the controller takes action.
2.3.2 Effects of parameter changes
In practice, it is quite difficult to find precise values of the parameters of a two-
mass system, especially the load inertia, JL, and the torsional stiffness of the drive
shaft, Ks. There are several works in the literature that attempt to design a robust
EMPC controller directly to cope with parameter uncertainties, e.g., reference [5].
However, the main benefit of the closed-loop control system is the significant
reduction of the sensitivity of uncertainties whenever the system to be controlled
is linear. In order to determine the effects of parameter uncertainties, variations
in the load inertia and torsional stiffness are examined for a 50% change from the
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Figure 2.6: Two hundred response, randomly caused by changing over fifty
percent of parameters JL and Ks.
nominal condition, which is typically large enough to handle uncertainties.
δJL = JL(1 + 0.5δ) (2.17)
δKs = Ks(1 + 0.5δ)
The parametric uncertainties are given in Eq. 2.17, where the values of δ are in the
interval [−1, 1]. The simulation is accomplished with a sampling time of Ts = 0.05
second, and two hundred values of both load inertia and torsional stiffness are
randomly picked to investigate the performance robustness. The robustness of the
two-mass system controlled by the EMPC controller is shown in Fig. 2.6. There
is only small variation in the motor speed when both parameters are varied si-
multaneously. Roughly speaking, the closed-loop system is robust enough to these
two parametric uncertainties. However, the robustness has not been measured
quantitatively. This conclusion is drawn from the simulation results.
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2.3.3 Effects of measurement noise
Figure 2.7: Effects due to white Gaussian measurement noise (dashed line)
and noise containing outliers (solid line).
Another factor, that often degrades the performance of a closed-loop system is the
inevitable noise coming from the measurement. In general, the feedback strategy
is insensitive to the measurement noise if the process and measurement noise are
taken into account carefully. The simulation of the two-mass system corrupted
by white Gaussian measurement noise is depicted in Fig. 2.7 (dashed line).
Certainly, an EMPC controller with the standard Kalman filter can handle such a
noisy situation effectively. In practice, the motor-speed signal frequently includes
outlier entries, most of which are zeros and some of which are huge. The simulation
of the two-mass system under the outlier phenomena reveals a strong impact on
the motor speed, as shown in Fig. 2.7 (solid line). Since the design process
has not so far explicitly taken into account the measurement signal with outliers,
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the closed-loop system inevitably produces an unacceptable response of the motor
speed. In order to cope with the outliers, two components of the controller, the
EMPC and the Kalman filter, could be redesigned. The idea in this chapter is
focused on the Kalman filter. This is reasonable if the outliers are handled in the
state estimation to improve the overall performance.
2.4 Robust EMPC design
The sparse noise, including the outliers, results in extremely undesirable responses
of a closed-loop system. To avoid this degradation of the performance, the robust
Kalman filter will be combined with the EMPC controller instead of the standard
Kalman filter. A fantastic approach is proposed in [12] to deal with the sparse
noise, in which the central idea is to replace the measurement update Eq. 2.8
in the Kalman filter by the convex optimization problem including the term to
handle the sparse noise. The system in Eq. 2.6 is considered again:
x(t+ 1) = Ax(t) +Bu(t) +Bww(t) (2.18)
ym(t) = Cmx(t) + v(t) + z(t)
One exception is the additional term that represents the sparse noise. Here, the
estimating state variable turns out to be the solution of the convex optimization
problem
min vTk V
−1vk + (x− xˆk|k−1)TP−1(x− xˆk|k−1) + λ ‖zk‖1 (2.19)
subject to ymk = Cmxk + vk + zk
(2.20)
The steady-state error covariance matrix P comes from solving the associated
Riccati equation, while the matrix V stands for the measurement covariance matrix
associated with the measurement noise vk. The optimization variables, therefore,
consist of the state vector, the Gaussian measurement noise vk, and the additional
sparse measurement noise zk. The parameter λ ≥ 0 in (18) can be adjusted to meet
the compatible representation between the estimate and the assumed sparsity of
zk. In the robust Kalman filter, the standard time update Eq. 2.7 is also utilized.
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2.4.1 simulation validations
Figure 2.8: PID control scheme for two-mass system.
The PID controller with two degrees of freedom is used for comparison with the
proposed robust EMPC controller to verify the robust performance of the closed-
loop system against measurement noise containing outliers. A block diagram of
the PID control structure is shown in Fig. 2.8, where is the motor-speed reference
and the controller parameters Kc, τI , andτD can be determined from [9].
As a demonstration of the effectiveness of the proposed method, the robust EMPC
controller is compared with a PID controller for controlling a two-mass system
where the measurement noise contains outliers. The PID controller depicted in
Fig. 2.8 is used and designed by the tuning rule presented in [9], where the
transient performance is specified by τc. First, the relationship between the motor
speed and input voltage of the two-mass system is approximated by
ωm(s)
ea(s)
=
0.26
(0.06s+ 1)(0.004s+ 1)
(2.21)
The parameters τc and N are chosen to be 0.2 and 2, respectively. Therefore,
the PID controller parameters can be determined by the tuning rule, i.e., Kc =
1.14, τI = 0.06, and τD = 0.004. The response comparison between the PID con-
troller and the EMPC controller with measurement noise containing outliers is
shown in Fig. 2.9, where the motor-speed reference is 1.5 [krpm]. The motor
speed controlled by the PID controller (dashed line) shows more fluctuation than
the EMPC response (solid line). However, both of them produce strong fluctua-
tions when the measurement noise contains outliers. The simulation of the robust
EMPC controller relying on the robust Kalman filter with is shown in Fig. 2.10
(solid line), where other parameters of the simulations are maintained nominally.
The figure also includes the PID response (dashed line). In Fig. 2.11, The EMPC
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Figure 2.9: PID response (dashed line) and explicit MPC response (solid line)
caused by white Gaussian measurement noise.
(dashed line) is compared with Robust EMPC. These comparisons reveal that the
fluctuation is enormously improved when the two-mass system is controlled by the
proposed robust EMPC controller.
2.5 Discussion
The control objectives defined for two-mass system are to achieve:
1. Tracking reference signals denoted by ωref .
2. Robustness due to the variation of load inertia and torsional stiffness, JL
and Ks respectively.
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Figure 2.10: PID response (dashed line) and EMPC response (solid line)
caused by white Gaussian measurement noise and outliers.
3. Suppressing fluctuation caused by the mismatch of speed, ωm − ωL.
4. Reducing outlier effects.
The obtained results obviously shows that first third objectives are achieved with
the EMPC control scheme. The idea of reducing the fluctuation with minimizing
the mismatch of speed , ωm − ωL provides the excellent tracking reference with
tiny fluctuation. The optimal estimator is used to reduce outlier effects. The 1
norm in the cost function for designing the estimator empowers the estimator to
handle the outlier. Anyway, one disadvantage of the proposed method is that the
estimator must be on-line computation.
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Figure 2.11: EMPC response (dashed line) and Robust EMPC response (solid
line) caused by white Gaussian measurement noise and outliers.
2.6 Conclusion
The control structure of a two-mass system has been proposed in order to achieve
fast tracking performance and load-change effect rejection with low torsional vi-
bration in the presence of measurement noise containing outliers. Robust EMPC
controller with a combination of estimator and the self-optimizing variables tech-
nique is used not only to accomplish the standard requirements, but also to handle
outlier noise. The effectiveness of the robust EMPC controller has been evaluated
by the simulations and compared with a classical PID controller. The proposed
technique has successfully achieved robustness and the transient requirements even
in the presence of outliers.
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Chapter 3
Hybrid control formulation of
active magnetic micromanipulator
3.1 Active magnetic micromanipulator design
A micromanipulator is a tool that enables the operator to physically interact with
a sample, such as a bio cell, at or beyond the threshold of human dexterity. Typical
applications of micromanipulators can be classified into three platforms. The first
micromanipulation system is called a master-slave robot [1]-[2], mainly used for
microsurgeries. The second system is referred to as a stead-hand robotic system
[3]-[4], used in both microsurgeries and cell manipulations. The last micromanip-
ulator, an active handheld micromanipulator, is the subject of this chapter. The
first handheld instrument was introduced in [5] to reduce cost and to increase the
flexibility and comfort of usage. With microtechnologies, active handheld micro-
manipulators [6]-[9] have been developed for microsurgery and cell manipulation.
Such manipulators are composed of piezoelectric actuators which require high
voltage. In addition, the piezoelectric actuators inherently have hysteresis and
nonlinearity characteristics. The design becomes complicated as a control system
design because such characteristics result in complexity in terms of mathematical
description. Although a dynamic behavior can be approximated as a linear time-
invariant system, the resulting mathematical model is of a high order with delays
which limit the achievable performances [10]. An alternative micro-actuator with
simple dynamic behavior and will be considered.
41
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A manipulator with multiple flexible links, each of which consists of parallel beams,
was studied in [11]. In that work, a flexible link was designed to minimize the
effects of a rigid load in order to obtain decoupling links. The work presented
several advantages of the parallel beam structure. In other interesting works [12]
and [13], the parallel beam structure was used as a gyroscope sensor in which the
effects of interference caused by imperfect fabrication or different mass between
two links were discussed and softened with both passive and active strategies. The
paper indicated that a control mechanism was required to handle such interference.
In this thesis, a two-dimensional handheld micromanipulator along x- and y- axes
is proposed to operate on a micro scale. The operation of the handheld micro-
manipulator is conceptually shown in Fig. 3.1. The micromanipulator position
is controlled by the user’s hand, whereas the needle is automatically steered to
accomplish micromanipulations with the help of the additional sensors, such as
a microscope. The handheld micromanipulator in Fig. 3.1 actually requires the
z-axis. However, this thesis focuses initially on the tracking performance along the
x- and y-axes, whereas the z-axis and disturbance, which is the fluctuation caused
by the user’s hand, are both considered to be future work.
In the actual primary test, it was found that fluctuation in the manipulator’s end
position was mostly less than 100µm during the first three seconds. Therefore, we
set the working range as ±50µm under the condition of short operation time as
the primary goal of this system. The main objectives and features of the proposed
manipulator are as follows.
1) 100µm2 working range in the xy plane with 1µm resolution on each axis
2) Simple structure and fabrication to achieve a low order mathematical model
and decoupling behavior
3) Simple driving mechanism in order to obtain a linear behavior and to avoid
hysteresis
4) Optimal robust reference tracking performance in large working range of a
holding angle
5) Incorporation of system constraints and imperfect fabrications in the con-
troller synthesis in order to eliminate external feedforward paths that are
sensitive to parameter variations
Chapter 3. Hybrid control formulation of active magnetic micromanipulator 43
Figure 3.1: The concept of a handheld micromanipulator.
The main contribution of this chapter is the presentation of a design for new
handheld micromanipulator, one simple in structure and fabrication in order to
achieve robust tracking performance by means of the robust hybrid control.
3.1.1 Active magnetic micromanipulator with parallel leaf
spring structure
Figure 3.2: Schematic of a flexible link.
The micromanipulator consists of two cascaded, flexible links. They are connected
in such a way that the first and second links are arranged to move along the y-axis
and x-axis, respectively. The schematic structure of the flexible link is shown in
Fig. 3.2, which shows how the parallel beams, or leaf springs, are utilized as
the movement mechanism. For actuators, the combination of permanent magnets
hung on the moving part and electric coils fixed on the stationary frame is utilized
because such a mechanism offers a simple and linear relation of an electrical force
and a voltage in a specified working range. Since the proposed micromanipulator
itself has a flexible structure, the driving mechanism requires little force, i.e., low
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voltage and current. In addition, dynamic behavior is simple in a working range.
The proposed micromanipulator structure has the following significant features.
1) The tip and base of each link move in parallel.
2) The links do not interfere with each other.
3) Because of the flexible structure, little force is required.
The decoupling feature is crucial in a control design of the handheld microma-
nipulator. This is because the problem turns out to be the design procedure of a
single-input single-output, linear time-invariant system that is simple in terms of
modelling, controller design, and implementation.
3.1.2 Mathematical modelling
Because of the decoupling feature of the proposed micromanipulator, the dynamic
behavior of both flexible links can be separately modelled using the same ap-
proach. The assumptions and definitions of the micromanipulator’s displacements
are depicted in Fig. 3.2 . The displacement of a flexible link in Fig. 3.2(a) is
assumed to take place in just one direction, such as the displacement along the
x-axis denoted by x, while the displacement along the z-axis, denoted by z, is
ignored because of the small working range, ±50µm.
Another important variable is the holding angle denoted by θ in Fig. 3.2(b).
The angle is measured in a downward direction, called a nominal position. The
operations of a handheld micromanipulator require the holding angle to vary |θ| ≤
90◦. Such a large variation imposes the complexity of a mathematical model
description and hence the design of a controller. For instance, the PWA model is
extensively employed in the large parameter variation system.
In this chapter, a linear time-invariant model established at the nominal position,
θ = 0◦, is utilized for a controller design in order to handle the operations of the
handheld micromanipulator robustly against large variations in the holding angle.
Because each link is constructed from a flexible structure, the dynamic behavior
shows strong oscillation and takes a long time to settle whenever the structure
is subjected to the external force. Since the working range of each axis is very
tiny, a dynamic behavior can be equivalently represented by the standard mass
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spring damper model (the modeling details are omitted). The linear time-invariant
discrete-time state space models for both the x-axis and y-axis are written as
x(t+ 1) = Axx(t) +Bxux(t) (3.1)
zx(t) = Cxx(t) +Dxux(t)
y(t+ 1) = Ayy(t) +Byuy(t) (3.2)
zy(t) = Cyy(t) +Dyuy(t)
where t is a discrete-time index. For the x-axis link, x ∈ R2 is a state vector, ux
is an input voltage to corresponding coils, and zx is an output variable that is the
displacement along the x-axis. For the y-axis link, y ∈ R2 is a state vector, uy is
an input voltage to corresponding coils, and zy is an output variable that is the
displacement along the y-axis.
The important variables are as follows:
• The manipulated variables are the current applied to both electric coils or
the voltages applied to the voltage to current circuits. Those voltages for x
and y-axis are ux and uy.
• The controlled variables are the displacements along x and y-axis denoted
by zx and zy.
• The disturbances can be defined as
1. Fluctuation due to parallel leaf spring structures caused the fluctuation
in zx and zy.
2. Imperfect decoupling between x and y-axis.
3. Holding angle changes.
4. Tremor, or user’s hand vibration.
The flexible structures cause the initial displacement whenever the holding angle is
not zero. This initial displacement may impose an infeasibility in the EMPC con-
troller. In addition, the holding angle changes cause the system to be a nonlinear
system or cause the operating point changes.
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Figure 3.3: Hybrid control for active magnetic micromanipulator.
3.1.3 Hybrid control scheme
The control objectives are to achieve:
1. Tracking reference signals defined by zrefx and z
ref
y .
2. Robustness against holding angle changes defined by θ where the gravita-
tional force influences the micromanipulator’s structure.
3. Reducing fluctuation in zx and zy due to parallel leaf spring.
At the zero holding angle, θ = 0, the EMPC controller achieve all control objectives
which will show later. However, the EMPC controller may be infeasible due to
initial displacement whenever the holding angle changes.
The ideas to overcome such nonlinearity based on the EMPC control are
• Formulating as the nonlinear EMPC control scheme.
• Describing the nonlinear system by PWA system.
• Utilizing some combination to overcome nonlinearity.
The thesis follows the last idea to simplify the design process. The proposed
control scheme for an active magnetic micromanipulator is shown in Fig. 3.3. The
controller, called hybrid control, is the combination of PID and EMPC controller.
PID controller mainly is used to handle an initial displacement. Proposed hybrid
control scheme allows us to use the EMPC and PID controller design established
itself in the linear system framework. In other words, the combination of linear
controllers is utilized to handle the nonlinear system. Therefore, the design is huge
simplified in terms of a mathematical model and controller design.
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Figure 3.4: Hybrid control scheme for active magnetic micromanipulator.
3.2 Hybrid control scheme
For a handheld micromanipulator, the uncertainties caused by large variations
in the holding angles, or the gravitational force, results in the robust control
framework. The robust hybrid control [29] is extensively studied in the area of
MPC in which the dynamic behavior of a system is described by a PWA model, and
the MPC controller is designed for such a model. In this paper, a combination of
the standard PID controller and the explicit model predictive control is proposed
instead. A block diagram of the proposed control scheme for an active handheld
micromanipulator, the robust hybrid control, is shown as Fig. 3.4.
The aim of the proposed control scheme is to handle the uncertainty caused by
large variations in the holding angle and to achieve a constrained optimal perfor-
mance.
3.2.1 PID controller design
Figure 3.5: PID control scheme for active magnetic micromanipulator.
Chapter 3. Hybrid control formulation of active magnetic micromanipulator 48
To investigate the effectiveness of the proposed method, the robust hybrid control
scheme is compared to the PID control scheme shown in Fig. 3.5. The variable
t in Fig. 3.5 represents a continuous time variable. Note that the robust hybrid
control scheme has the PID controller as an ingredient as well. In addition, the
same procedure for the computation of PID parameters is employed in both control
schemes. The two degrees of freedom PID controller is utilized; a control law for
it is expressed as
Ux(s) =
(
Kc
τIs+ 1
τIs
)(
zrefx −
τDs+ 1
(τD/N)s+ 1
Zx(s)
)
(3.3)
Uy(s) =
(
Kc
τIs+ 1
τIs
)(
zrefy −
τDs+ 1
(τD/N)s+ 1
Zy(s)
)
(3.4)
where Kc, τI , τD and N are controller parameters which are designed using the
tuning rule presented in [32]. The closed-loop time response is specified by tuning
value τc. Since such tuning rule is based on the standard second-order transfer
function with two real poles, the discrete time-state equation in Eq. (3.2) must
be converted to a continuous transfer function and approximated to contain two
real poles. Note that the approximation will degrade the performance because the
oscillation term is ignored.
3.2.2 EMPC controller design
The EMPC is utilized as an ingredient of the robust hybrid control in order to
optimally compute the input voltage for steering the handheld micromanipulator.
To achieve zero steady state error, the problem of offset free tracking is handled by
the internal model principle presented in [33] because a linear equality constraint
has also been integrated. Although the principle of such an approach guarantees
an achievement of zero steady error when a constant reference is being tracked, the
experimental results show that the micromanipution tasks are satisfied effectively.
The standard Kalman filter, additionally, is used to estimate system state variables
and disturbances by means of the measurement of the x and y positions.
The ingredients of the EMPC for linear-constrained discrete-time systems consist
of:
1) Linear discrete-time model: the linear discrete-time model Eq. (3.2) that is
augmented with the disturbance state xd at the output is utilized to predict the
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evolution of the flexible link.[
x(t+ 1)
xd(t+ 1)
]
=
[
Ax 0
0 1
][
x(t)
xd(t)
]
+
[
Bx
0
]
ux(t) (3.5)
zx(t) =
[
Cx 1
] [ x(t)
xd(t)
]
+Dxux(t)
[
y(t+ 1)
yd(t+ 1)
]
=
[
Ay 0
0 1
][
y(t)
yd(t)
]
+
[
By
0
]
uy(t) (3.6)
zy(t) =
[
Cy 1
] [ y(t)
yd(t)
]
+Dyuy(t)
The augmented disturbance states xd and yd enable the EMPC to achieve the
offset free tracking. Note that the state variables xd and yd are utilized to handle
the mismatch between the mathematical model and the real system caused by the
gravitational force because of the flexible structures. Another way to obtain the
offset-free tracking is to add an integrator. However, the last is an increase of the
system order.
2) State and disturbance estimator: for offset-free tracking, state variables are
estimated using[
x(t+ 1)
xd(t+ 1)
]
=
[
Ax 0
0 1
][
x(t)
xd(t)
][
Bx
0
]
ux(t) +
+
[
Gx 0
0 Gdx
][
wx(t)
wd(t)
]
(3.7)
zx(t) =
[
Cx 1
] [ x(t)
xd(t)
]
+Dxux(t) + vx(t)
[
y(t+ 1)
yd(t+ 1)
]
=
[
Ay 0
0 1
][
y(t)
yd(t)
][
By
0
]
uy(t) +
+
[
Gy 0
0 Gdy
][
wy(t)
wd(t)
]
(3.8)
zy(t) =
[
Cy 1
] [ y(t)
yd(t)
]
+Dyuy(t) + vy(t)
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where
[
wx(t) wd(t)
]T
,
[
wy(t) wd(t)
]T
, vx(t) and vy(t) are assumed to be white
Gaussian noise signals. A Kalman filter plays two important roles in the proposed
robust hybrid control, which depends on switching policy. If a PID controller is
selected, the Kalman filter estimates the current states in order to start the EMPC.
If the EMPC is selected, the Kalman filter estimates all states for feedback. The
Kalman filter design is accomplished using a Matlab control system toolbox.
3) Explicit control law synthesis: the main purpose of the handheld micromanip-
ulator is to track the reference signal without steady state error. As a common
tracking problem, the quadratic cost function is employed in this control scheme.
The explicit control law for x-axis [30] is obtained by solving the following opti-
mization problem while the control law for y-axis can be exactly solved with the
same setup
min
ux0,...,uxN−1
N−1∑
k=0
‖xk − x¯t‖2Qx + ‖uxk − u¯t‖2Rx
subject to Exxk + Lxuxk ≤Mx, k = 0, . . . , N
xk+1 = Axxk +Bxuxk, k = 0, . . . , N
xdk+1 = xdk, k = 0, . . . , N (3.9)
x0 = xˆ(t)
xd0 = xˆd(t),
in which x¯t and u¯t are given by[
Ax − I Bx
Cx 0
][
x¯t
u¯t
]
=
[
0
zrefx − xˆd(t)
]
(3.10)
where ‖x‖2Q ≡ xTQx,Qx ≥ 0 and Rx > 0. The variables x¯t and u¯t are the target
state and target input, respectively. The constraints, uminx ≤ ux(t) ≤ umaxx and
zminx ≤ zx(t) ≤ zmaxx can be rewritten as the inequality constraint Exxk + Lxuk ≤
Mx, which is presented in the detail in [34]. Note that the current input ux(t)
is distinguished from the optimization variables uxk. Analogously, the state x(t)
and xd(t) denote the system state and disturbance state at time t, while the
corresponding variable xk and xdk denote the predicted state at time t+k, obtained
by x0 = xˆ(t) and xd0 = xˆd(t).
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The optimal control law u∗x(t) is defined over a polyhedral partition of the state
space
u∗x(t) = K
i
x
[
xˆ(t)
xˆd(t)
]
+ kix,
[
xˆ(t)
xˆd(t)
]
∈ Ri (3.11)
The optimal control law Eq. (3.11) is continuous and piecewise affine in
[
xˆ(t) xˆd(t)
]T
.
The polyhedral partition is denoted by Ri. The Kix and kix are the controller gain
corresponding to partition i, or region i. In implementation, the procedure for
computing the optimal control law u∗x(t) consists in determining the active region
i which the state variables
[
xˆ(t) xˆd(t)
]T
belongs. Note that the estimated state
and disturbance are utilized in the control law. The explicit solutions can be ob-
tained via the multi-parametric toolbox [35], and the searching of the active region
can be accomplished by the binary search tree.
3.2.3 Switching policy
The proposed robust hybrid control, comprised of the EMPC and PID controller,
handles the operations of a handheld micromanipulator constructed from the par-
allel leaf springs. Such flexible structures inherently produce the blending caused
by a gravity force whenever the holding angles are away from the nominal position
θ = 0◦. The main aim of the PID controller is to bring the flexible link back to
center before the EMPC follows the user’s commands optimally, such as in circle
cutting.
if(reference == 0)
PID controller;
else (3.12)
EMPC;
end
According to Eq. (3.12), the reference signal, therefore, is the only factor in the
switching policy between the EMPC and PID controller.
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Figure 3.6: Experimental setup for micromanipulator prototype.
In addition, the current states play a crucial role during the switching period from
PID to EMPC control. To smoothly switch, the Kalman filter has to keep es-
timating all system states, including the disturbance state, even if the handheld
micromanipulator is controlled by the PID controller at that time. These esti-
mated states allow for proper and smooth control when the EMPC is switched to.
Without information on the current states, the closed-loop system performance
becomes poor or even unstable.
3.3 Experimental study
Figure 3.7: Experimental setup for holding angle test.
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Figure 3.8: Simplified block diagram of an experiment setup.
3.3.1 Experiment Setup
The setup of a micromanipulator experiment is shown in Fig. 3.6. The prototype
manipulator consists of two links, the x-axis and y-axis, each of which has the same
parallel leaf spring structures 80µm thick. In addition, the positions of each link
are measured by the full bride circuits of strain gauges which have 1928 Ohm
gauge resistance, 178 gauge factor, and maximum allowable strain. Each link is
steered by double drivings which consist of the combination of coils and permanent
magnets, the gaps of which are adjustable. As the primary goal of this system,
the gap is set at 100µm. The setup of the experiment to study the effects of
the holding angle is shown in Fig. 3.7. In the experiment, the manipulator is
rotated by a rotational stage within |θ| ≤ 90◦. The control loop is depicted by
the simplified block diagram Fig. 3.8. In the control loop, the robust hybrid
control is implemented on a desktop PC with a 3 GHz Intel Core 2 Duo CPU
and 4 GB RAM running the Window 7 operating system. The conversion process
utilizes the A-to-D and D-to-A PCI-6259 card from National Instrument. The
output voltages of the full bridge are amplified by the Kyowa DA-710A module;
the signal from it is amplified 200 times.
3.3.2 Experimental results
The purpose of the experiments is to investigate the reference tracking perfor-
mance and the effects of holding angle changes under the robust hybrid control.
In addition, the results obtained when the robust hybrid control was used are
compared to those when the PID control is used.
With a sampling time Ts = 0.001 second, the dynamic behavior of the x-axis and
y-axis flexible links can be roughly identified and described by the discrete-time
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Table 3.1: PID parameter values for X-axis and Y-axis links
Link Kc τI τD N
X 6.928 ∗ 10−4 0.0016 0.0016 100
Y 6.651 ∗ 10−4 0.023 0.023 100
state spaces in Eq. (3.2) and Eq. (3.3) with
Ax =
[
0.9434 0.3143
−0.3163 0.9490
]
, Bx =
[
0.0004
0.0149
]
Cx =
[
498.1674 57.1028
]
, Dx = 0 (3.13)
Ay =
[
0.9769 0.1649
−0.1653 0.9845
]
, By =
[
0.0007
0.0106
]
Cy =
[
543.0023 36.6877
]
, Dy = 0. (3.14)
where the identifications are accomplished by the system identification toolbox by
means of estimating model parameters using the iterative prediction-error mini-
mization method, or PEM. The identifying performance is measured by
Fit = 100
(
1− ‖s−m‖2‖m− m¯‖2
)
(3.15)
where m and m¯ are the measured output and its mean, respectively, whereas s is
the results when the model is simulated with the corresponding input. As a result,
the identifying performances of the x- and y-axis Eq. (3.13) and (3.14) achieve
the 97.53% and 93.44% Fits, respectively.
In order to design the PID parameters according to the tuning rule presented in
[32], the models in Eq. (3.13) and (3.14) have to be converted and approximated
again by a continuous transfer function with two real poles. As a result, the
PID parameters for both the x- and y-axis are shown in Table. 3.1. For the
EMPC design, the prediction and control horizon chosen are 10 and 2, respectively.
The multiparametric toolbox [35] is used to solve the problem in Eq. (3.9) and
synthesize the associated controller, which results in 55 regions for the x-axis link
and 43 regions for the y-axis link. The difference comes from different dynamics.
For the Kalman filter design, the augmented model in Eq. (3.7) is directly
used with the given matrices in Eq. (3.13) and Eq. (3.14). The matrices
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Gx =
[
0.0012 0.0014
]T
and Gdx = 10 are utilized for the x-axis link whereas
the matrices Gy =
[
0.0014 0.005
]T
and Gdy = 10 are utilized for the y-axis link.
In the experiments, we found that the matrices Gdx and Gdy had a profound effect
on the estimating time of the states xd(t) and yd(t). Therefore, the matrices Gdx
and Gdy could be considered as the performance tuning parameter. In addition,
based on trial and error, the variances selected are E[wxw
T
x ] = E[wyw
T
y ] = 0.001,
E[vxv
T
x ] = E[vyv
T
y ] = 0.01 and E[wdw
T
d ] = 0.01 for both links.
There are two types of reference signals used in the experiments, i.e., step and
sinusoidal signals. The amplitude of the step signal is 50µm and tracking is excited
at 1 second. For a circle, the following reference signals are utilized
zrefx = mx cos(2pift)
zrefy = my sin(2pift) (3.16)
The frequency f = 2 Hz, which is reasonable in practice, and magnitudes mx =
my = 50µm are used for tracking a circle. Generally, the amplitude can be any
value in the working range. Both step and sine tracking tasks are conducted at
the angles θ = 0◦, 30◦, 60◦, 90◦ and −90◦.
3.3.3 Frequency response performance
A comparison of frequency responses is shown in Fig. 3.9. The frequency re-
sponses of the hybrid control were obtained in experiments in which the system
was operated without any constraints. Obviously, the hybrid control achieves a
wider bandwidth, 8.5 Hz, than does the PID controller. The bandwidth achieved
is capable of handling fluctuations with a frequency of around 10− 13 Hz caused
by the user’s hand [31]. Moreover, the bandwidth can be reduced to 2.5 Hz to ef-
fectively handle such fluctuations and be fast enough to accomplish tracking tasks.
However, in all experiments we presented in this paper, the handheld microma-
nipulator was fixed on the rotational stage in order to study the effects of holding
angle changes only. Fluctuations caused by the user’s hand should be studied
as well. This is considered as the future work with a view to making the active
handheld micromanipulator more suitable for practical application.
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Figure 3.9: Comparison of frequency responses.
3.3.4 Comparison to PID controller
The PID controller is utilized to control the handheld micromanipulator in order to
show the effectiveness of the proposed robust hybrid control and demonstrate that
the PID controller with a standard tuning rule is unable to achieve an acceptable
level of tracking performance. The comparisons of tracking step and sinusoidal
reference signals are shown only at the holding angle θ = 60◦ because we obtained
the same results at the other angles.
In Fig. 3.10, the differences in when the handheld micromanipulator is controlled
by the robust hybrid control and by the PID controller are shown. The step signals
with the amplitude 50µm initiated at 1 second are used as the reference signal.
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Figure 3.10: Comparison at the holding angle θ = 60◦ of a step response with
amplitude 50µm initiated at 1 second.
We see that both controllers are able to bring the micromanipulator back to the
center because the PID controller in the robust hybrid control becomes active in
this period, giving exactly the same results. The reference changes to 50µm from
1 second. For the robust hybrid control, the EMPC becomes active and follows
the reference perfectly. There is a big difference from the tracking phase; the
time response of the PID controller is ten times slower than it is in the proposed
method. Both controllers are able to have no steady state error and the very
little fluctuation, less than 1µm at a steady state. The corresponding control
signals are shown in Fig. 3.11. Note that the robust hybrid control results in
similar responses for the x- and y-axis, and such similarity is preferable. The PID
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Figure 3.11: Control signals due to a step signal reference with an amplitude
of 50µm initiated at 1 second at θ = 60◦.
controller produces the same similarity as well.
To compare tracking performance, the ability to make a circle with a 50µm radius
was investigated by employing the reference signals in Eq. (3.16). The results
obtained are shown in Fig. 3.12. Obviously, the PID controller failed to follow
the reference because of the narrow bandwidth, whereas the proposed method
completed the circle reference with less than 2µm of fluctuation. However, a
frequency lower than 0.2 Hz allowed the PID controller to track the circle with an
acceptable level of fluctuation, 6µm.
The experimental comparisons have revealed that the standard PID controller
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Figure 3.12: Comparison of a circle tracking with 50µm radius at the holding
angle θ = 60◦.
failed to reach the requirements of the handheld micromanipulator. However, the
strength of the PID controller is its ability to bring the flexible links back to center,
which motivates authors to integrate the PID controller into the proposed robust
hybrid control. However, the price has to pay for settling time.
3.3.5 Hybrid control performance
The mechanism of hybrid control scheme can be described through step tracking
although step reference may not use in real situation. the step reference is set to
be zero until t = 0.5 second where the 50µm step reference is initiated. The active
magnetic micromanipulator is set to be θ = 60◦ in this experiment.
The obtained results are shown in Fig. 3.13. The results reveal that x-axis is in
the blending state and y-axis is in the blocking state. From starting to 0.5 second,
the reference signal is to be zero so the PID controller becomes active and bring the
flexible structure back to center. At the same time, Kalman filter keep estimating
the disturbance state as in Fig. 3.14. The steady state values are xd = 100µm
and yd = −20µm. These values indicate that xd and yd are not only to represent
the effects of gravitational force but also to represent the model mismatch. From
0.5 second the step reference is initiated and EMPC controller becomes active.
The role of Kalman filter is very important to estimate the disturbance variable
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Figure 3.13: Step response with an amplitude 50µm at holding angle θ = 60◦.
xd and yd from the starting time. These values allow EMPC controller to work
properly when switching to be active. The procedure can be summarized as
1. At starting time to 0.5 second, both references are zero, zrefx = 0 and z
ref
y =
0, PID controller is active and Kalman filter starts estimating as well.
2. From 0.5 second, zrefx = 50µm and z
ref
y = 50µm, EMPC controller is active.
One disadvantage of hybrid control is that the PID controller take 0.5 second to
set the center before starting the tracking phase.
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Figure 3.14: Disturbance states estimated by Kalman filter at the holding
angle θ = 60◦.
3.3.6 Robust tracking performance
The robust tracking performance is the measurement of the tracking performance
of the handhled micromanipulator against the variation of the holding angles. the
objective of the experiments is to investigate the handheld micromanipulator’s
performances controlled by the robust hybrid control. In addition, the effects of
changing the holding angles |θ| ≤ 90◦ are examined as well. The experiments
have conducted by means of a rotational stage. For example at the holding angle
θ = 30◦, the micromanipulator is rotated by the rotational stage and then fixed at
such position before starting the tracking process. This seems a little bit different
for real operations of the handheld micromanipulator in that the vibration or
tremor caused by the user’s hand is not investigated.
In Fig. 3.15, the closed-loop responses of the handheld micromanipulator con-
trolled by the robust hybrid control can be seen. While varying the holding angle
for the x-axis, we try to maintain θ = 0 for the y-axis. The holding angle has
a strong effect on the initial positions zx(0) and zy(0). For instance, the initial
positions become zeros when θ = 0◦ because there is no bending caused by the
force of gravity. Thus, two links are in the center. For θ = 90◦, the initial positions
of the x-axis and y-axis are zx(0) = 105µm and zy(0) = 5µm. Each link is away
from the center, especially the x-axis. Due to the parallel leaf spring structure
in cascade, the difference in the initial positions is affected by the bending and
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Figure 3.15: Step responses under the holding angle changes.
blocking state of each flexible link. In this case, the x-axis link is in the bending
state whereas the other is in the blocking state. We see that the responses of the
x- and y- axes are brought back to the center in 0.5 second for all holding angle
changes, which is reasonable in practice: the user has to wait only 0.5 second
before starting the tracking process. During this time, the reference signal must
obviously be zero, which means the micromanipulator is controlled by the PID
controller. The experiments show that the holding angle changes in the interval
|θ| ≤ 90◦ are handled successfully.
The reference signals zrefx = 50µm and z
ref
y = 50µm are initiated at 1 second.
Because of reference signals are non-zero, the robust hybrid control switches to the
EMPC to optimally track the reference signal. Both x-axis and y-axis responses
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Figure 3.16: Circle tracking with 50µm radius and 2 Hz at holding angles of
θ = 0◦, 30◦, 60◦, 90◦ and −90◦.
achieve good, robust tracking performance, as shown in Fig. 3.15. Only 0.05
second is required for all variations of the holding angle in the specified interval
to reach the target. Additionally, the steady state responses contain very little
fluctuation in a tracking phase. Although the fluctuation takes place on the y-axis
during the transient response, such fluctuation is less than 4µm. Thus, the results
of the experiment have confirmed robust step tracking performance.
Fig. 3.16 presents the results of the experiment to track the circle reference
signal. In this case, the reference signals for x and y-axis are respectively cosine
and sine functions with 50µm amplitude and 2 Hz frequency, The holding angle
was changed in the interval |θ| ≤ 90◦. The plots show only the tracking phase;
in other words, the interval time utilized to bring both flexible links back to the
center has been removed. The experiments show that the circle tracking task was
completed satisfactorily with fluctuations under 2µm.
In conclusion, the experimental results indicate that the proposed active mag-
netic micromanipulator with the proposed hybrid control achieves not only fast
transient response with little fluctuation but also robustness against holding an-
gle changes. The tracking performance is achieved with small fluctuation and
reasonable frequency.
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3.3.7 Bandwidth and RMS error
The qualified measurement of the position tracking error, root mean square (RMS)
value, is utilized as the qualified error measurement. The RMS value is defined as
RMS[e] =
√√√√ 1
n
n∑
i=1
‖e(i)‖22 (3.17)
and the position error is
e(t) =
[
zrefx − zx(t)
zrefy − zy(t)
]
(3.18)
Three types of reference paths are examined, i.e. a circle, ellipse in Eq. (3.16) and
cardioid. The reference signals for a cardioid are expressed by
r(t) = mr(1− cos(2pift))
zrefx = mr cos(2pift) (3.19)
zrefy = mr sin(2pift)
where f is the frequency and mr is the amplitude that can be any value less
than 50µm. The cardioid reference is considered as the most complex reference in
the experiments to test the tracking performance of the handheld micromanipu-
lator. The frequency effects will be also considered to investigate the achievable
maximum bandwidth of the closed-loop system, the handheld micromanipulator
controlled by the robust hybrid control. The response of the ellipse tracking is
shown in Fig. 3.17 with mx = 50µm and my = 25µm at the frequency 0.5 Hz.
The RMS error for steady-state tracking is 0.44µm. In addition, the response of
the cardioid tracking with mr = 25µm at the frequency 0.5 Hz is shown in Fig.
3.18 where the RMS error is 0.51µm.
In conclusion, the robust hybrid control offers the best tracking performance for
tracking the periodical reference paths including the circle, ellipse and cardioid
at the frequency f=0.5 Hz. The experimental results measured by the RMS er-
ror indicate that the proposed handheld micromanipulator requires an advanced
controller even though the working range is tiny, or a linear system, in order to
achieve the satisfied tracking error, i.e. the RMS error is less than 2µm. To inves-
tigate the achievable bandwidth using the robust hybrid control scheme, the high
frequency tracking will be examined.
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Figure 3.17: Ellipse tracking: mx = 50µm and my = 25µm at the frequency
0.5 Hz.
Figure 3.18: Cardioid tracking: mr = 50µm the frequency 0.5 Hz.
The next frequency is f = 2.5 Hz and the results are shown in Table. 3.2 in
which the RMS errors are less than 2µm for all holding angles and reference paths
even though the RMS errors slightly increase when the reference paths become
more complicated. In addition, the holding angle changes are successfully handled
by the proposed EMPC scheme because the RMS errors are slightly different from
the nominal position θ = 0◦.
Next frequency f = 4 Hz, the results are shown in Table. 3.3 For the circle
reference path, the EMPC still provides the excellent RMS error around 1µm for
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Table 3.2: RMS errors due to periodical reference paths f = 2.5 Hz.
θ◦ RMS[Circle]µm RMS[Ellipse]µm RMS[Cardioid]µm
−90 0.59 1.69 2.10
−60 0.58 1.94 2.11
−30 0.62 1.95 2.12
0 0.61 1.95 2.13
30 0.63 1.97 2.14
60 0.64 1.99 2.15
90 0.65 2.0 2.16
all holding angles. However, the RMS errors for the ellipse and cardioid paths turn
to be more than 3µm for all holding angles. Such error exceeds the acceptable
specification 2µm. Obviously, the EMPC is not appplicable at the frequenccy
f = 4 Hz.
Table 3.3: RMS errors due to periodical reference paths f = 4 Hz.
θ◦ RMS[Circle]µm RMS[Ellipse]µm RMS[Cardioid]µm
−90 0.91 3.12 3.30
−60 0.95 3.14 3.31
−30 0.96 3.15 3.33
0 1.0 3.16 3.33
30 1.02 3.18 3.35
60 1.01 3.21 3.35
90 1.01 3.22 3.36
In conclusion, the experiments reveal that the EMPC attaints the highest fre-
quency f = 2.5 Hz to achieve the RMS error less than 2µm. In other words, the
proposed micromanipulator controlled by the EMPC scheme achieves the wider
bandwidth, 5 times compared to PIDu. Additionally, the EMPC controller is
robustly to deal with the two-dimensional handheld micromanipulator.
Next, the RMS errors due to variations of an amplitude in sinusoidal reference
signals at each frequency are evaluated. The Table. 3.3 reveals that RMS errors
do not change much at each frequency when the amplitudes are changes.
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Table 3.4: RMS errors of a circle tracking with the variation of a frequency
and amplitude at θ = 0
Amplitude [µm] RMS [µm] @ 0.5 Hz RMS [µm] @ 2.5 Hz RMS [µm] @ 4 Hz
50 0.49015 0.72827 0.81226
30 0.47051 0.69451 0.70541
25 0.46031 0.62921 0.64932
10 0.43310 0.58694 0.70778
5 0.41775 0.6506 0.57329
3.4 Discussion
The chapter proposed the hybrid control scheme that is the combination of EMPC
and PID controller for suppressing a fluctuation in active magnetic micromanip-
ulator. Actually, the chapter introduced an new idea for a handheld microma-
nipulator called an active magnetic micromanipulator. The structure consists of
parallel leaf springs and the combination of permanent magnets and electric coils
as an actuator. It leads to flexible structure. In addition, the operating points and
operation of such micromanipulator are changing. Therefore, the proposed active
magnetic micromanipulator needs a control mechanism to position and track the
reference. The disturbances can be summarized as:
1. Fluctuation in a response which is caused by the flexible structure.
2. Holding angle changes.
3. Tremor.
In this chapter, the experiments are conducted to reveal that
1. Fluctuation is effectively flatten because the benefit of prediction.
2. Holding angles are robustly dealt with. A lot of experiments are conducted to
address this issue. With the combination of PID and EMPC controller, called
hybrid control, the robustness against holding angles is achieved. The ro-
bustness property does not analyse mathematically but guarantee by means
of experiments. The robustness is inherently one of closed-loop properties.
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Figure 3.19: Circle tracking with 50µm magnitude and 2 Hz frequency of the
active magnetic micromanipulator controlled by H∞ controller.
EMPC itself is robust to track reference signal at any angle after Kalman filter
estimates the state variables. Obviously, the cause of infeasibility comes from the
initial displacement. Based on this conclusion, EMPC can be utilized alone if the
design takes into account:
• Adding margin to controlled variables zx and zy. The margins have to be
larger than initial displacements.
• Removing constraints on controlled variables zx and zy.
Anyway, Adding margins are not robust idea and removing constraints degrade
the EMPC. To keep EMPC advantages the PID controller is combined to form
hybrid control. Another way to handle the initial displacements is the robust
controller designed by H∞. At the beginning, H∞ was applied to control the active
magnetic micromanipulator. The circle tracking is shown in Fig. 3.19. H∞ can
not accomplish the circle reference at 2 Hz. In addition, the response shows higher
fluctuation than the proposed hybrid control scheme. Because of holding angles,
the H∞ controller requires large bounds to represent the uncertainty due to initial
displacements. Such large bounds degrade an achievable performance.
The tremor caused by the user’s hand will be coped with in next chapter. The
active magnetic micromanipulator will be redesigned like a pen.
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3.5 Conclusion
We have shown that a high-performance handheld micromanipulator can be cre-
ated with a simple design in terms of the structure and mathematical model. Since
the PID controller fails to meet the requirements, we have proposed a robust hybrid
control. Experiments have shown that the robust hybrid control produces satis-
factory results. The ability to track a circle with a 50µm radius in 0.5 seconds in
practice is sufficiently fast. In addition, the micromanipulator requires 0.5 seconds
to start at any operating angle just to set center. This time may be reduced by
redesigning the PID controllers. The closed-loop time constant τc selected for this
paper is the smallest value that results in the fastest stable system, based on the
tuning rule presented in [32]. Larger values cause the handheld micromanipulator
to be unstable. The limitation in employing the tuning rule comes from the fact
that the under damp second order system is approximated by two real poles.
We have imitated the application of the handheld micromanipulator by changing
the holding angle |θ| ≤ 90◦, which covers the full range in practice. Several
experiments, in which both step and sinusoidal signal references were studied,
were conducted to confirm its robust performance. The results shown in Fig.
3.15 and Fig. 3.16 guarantee the effectiveness of the proposed approach.
Obviously, the hybrid control provides better results comparing to PID controller.
Another advantage of the hybrid control based on EMPC control is the fact that
the limitations of displacements and electric coil currents can be imposed by their
maximum in the control process. The current limitations are very important when
external forces are considered.
Bibliography
[1] H. Das, H. Zak, J. Johnson, J. Crouch and D. Frambach, ”Evaluation of
a telerobotic system to assist surgeons in microsurgery,” Computer Aided
Surgery, Vol.4, No.1, pp. 15–25, 1999.
[2] Y.M. Baek, Y. Kozuka, N. Sugita, A. Morita, S. Sora, R. Mochizuki and
M. Mitsuishi, ” Highly precise Master-Slave Robot System for Super Micro
Surgery,” In Proc. the 2010 3rd IEEE RAS & EMBS Int. Conf. Bio. Robot.
and Biomechatronics, Japan, Sep 2010.
[3] R. Kumar, P. Jensen and R.H. Tayor, ”Experiments with a Steady Hand
Robot in Constrained Compliant Motion and Path Following,” in Proc. IEEE
Int. on Robot and Human Interaction, Italy, Sep 1999.
[4] A. Bettini, P. Marayong, S. Lang, A.M. Okamura and G.D. Hager, ”Vision-
Assisted Control for Manipulation Using Virtual Fixtures,” IEEE Trans.
Robot., Vol.20, No.6, pp. 953-966, 2004.
[5] B. Bose, A. Kalra, S. Thukral, A. Sood, S. Guha, S. Anand, ”Tremor com-
pensation for robotics assisted microsurgery,” Engineering in Medicine and
Biology Society, 1992 14th Annual IEEE Int. Conf., Vol. 3, pp. 1067–1068,
1992.
[6] D.Y. Choi and C.N. Riviere, ”Flexure-based Manipulator for Active Hand-
held Microsurgical Instrument,” in Proc. IEEE Engineering in Medicine and
Biology 27th Annual Conference, China, pp. 5085-5088, Sep 2005.
[7] W.T. Latt C.Y. Shee and W.T. Ang, ”A Compact Hand-held Active Physio-
logical Tremor Compensation Instrument,” 2009 IEEE/ASME Int. Conf. on
Advanced Intelligent Mechatronics, Singapore, pp. 711-716, July 2009.
70
Bibliography 71
[8] S. Yang, R.A. MacLachlan and C.N. Riviere, ”Design and Analysis of 6 DOF
Handheld Micromanipulator,” 2012 IEEE Int. Conf. Robot. Autom., USA,
pp. 1946-1951, May 2012.
[9] R.A. MacLachlan, B.C. Becker, J.C. Tabare´s, G.W. Podnar, L. A. Lobes,
Jr. and C.N. Riviere, ”Micron: An Actively Stabilized Handheld Tool for
Microsurgery,” IEEE Trans. Robot., Vol.28, No.1, pp. 195-212, 2012.
[10] S. Skogestad and L. Postletwaite, Multivariable Feedback Control: Analysis
and Design, 2nd Edition, John wiley & Sons, 2005.
[11] L.J. Everett, J. Tang and M. Compere, ”Designing Flexible Manipulators
with the Lowest Natural Frequency Nearly Independent of Position,” IEEE
Trans. Robot., Vol.15, No.4, pp.605-611, 1999.
[12] T. Fukuda, H. Sato, F. Arai, H. Iwata and K. Itoigawa, ”Parallel Beam Micro
Sensor/Actuator Unit Using PZT Thin Films and Its Application Examples,”
in Proc. IEEE Int. Conf. Robot. Autom., Leuven, Belgium, pp. 1498-1503,
May 1998.
[13] H. Sato, T. Fukuda, F. Arai, K. Itoigawa and Y. Tsukahara, ”Suppression of
Mechanical Coupling for Parallel Beam Gyrscope,” in Proc. IEEE Int. Conf.
Robot. Autom., San Francisco, pp. 3939-3944, April 2000.
[14] C.E. Garc´ıa, D.M. Prett and M. Morari, ”Model Predictive Control: Theory
and Practice–a Survey,” Automatica, Vol.25, No.3, pp. 335-348, 1989.
[15] M. Morari and J.H. Lee, ”Model Predictive Control: Past, Present and Fu-
ture,” Computers and Chemical Engineering, Vol. 23, pp. 667-682, 1999.
[16] A. Bemporad and M. Morari, ”Robust Model Predictive Control: A Survey,”
J. Robustness in Identification and Control, Vol. 245, pp. 207-226, 1999.
[17] D.Q. Mayne, J.B. Rawlings, C.V. Rao and P.O.M. Scokaert, ”Constrained
Model Predictive Control: Stability and Optimality,” Automatical, Vol. 36,
pp. 789-814, 2000.
[18] J.M. Maciejowski, Predictive Control with Constraints, Englewood Cliffs, NJ:
Prentice-Hall, 2002.
[19] S. Qin and T. Badgwell, ”A survey of Industrial Model Predictive Control
Technology,” Control Engineering Practice 11, pp.733-764, 2003.
Bibliography 72
[20] A. Aswani, J. Taneja and C. Tomlin, ”Reducing Transient and Steady State
Electricity Consumption in HVAC Using Learning-Based Model Predictive
Control,” Proc. IEEE, Vol.100, No.1, pp.240-253, 2012.
[21] F. Oldewurtel, A. Parisio, C.N. Jones, D. Gyalistras, M. Gwerder, V. Stauch,
B. Lehmann and M. Morari, ”Use of Model Predictive Control and Weather
Forecasts for Energy Efficient Building Climate Control,” Energy and Build-
ing, Vol.45, pp. 15-27, 2012.
[22] S. Bolognani and L. Peretti, ”Design and Implementation of Model Predictive
Control for Electrical Motor Drives,” IEEE Trans. Ind. Electron., Vol.56,
No.6, pp. 1925-1936, 2009.
[23] S. Marie´thoz, A. Domahidi and M. Morari, ”High-Bandwidth Explicit Model
Predictive Control of Electrical Drives,” IEEE Trans. Ind. Appl., Vol.48, No.6,
pp.1980-1992, 2012.
[24] D. Hrovat, S. Di Cairano, H.E. Tseng and I.V. Kolmanovsky, ”The Devel-
opment of Model Predictive Control in Automotive Industry: A Survey,” in
Proc. IEEE Int. Conf. Cont. Appl., Dubrovnik, Croatia, October 3-5, 2012.
[25] M. Hassan, R. Dubay, C. Li and R. Wang, ”Active Vibration Control of a
Flexible One-Link Manipulator using a Multivariable Predictive Controller,”
Mechatronics, Vol.17, pp.311-323, 2007.
[26] A.G. Wills, D. Bates, A.J. Fleming, B. Ninness and S.O. Reza Moheimani,
”Model Predictive Control Applied to Constraint Handling in Active Noise
and Vibration Control,” IEEE. Trans. Control Syst. Technol., Vol.16, No.1,
pp. 3-12, 2008.
[27] P. Boscariol, A. Gasparetto and V. Zanotto, ”Model Predictive Control of a
Flexible Links Mechanism,” J. Intell Robot Syst., Vol.58, pp. 125-147, 2010.
[28] S. Boksuwan and T. Benjanarasuth, ”Robust Real-time Model Predictive
Control for Torsional Vibration System,” Int. J. Automation Tech., Vol.6,
No.3, 2012.
[29] M. Kvasnica, Real-Time Model Predictive Control via Multi-Parametric Pro-
gramming: Theory and Tools, VDM Verlag Dr. Mu¨ller, 2009.
Bibliography 73
[30] A. Bemporad, F. Borrelli and M. Morari, ”Model predictive control based on
linear programming the explicit solution,” IEEE Trans. Autom. Control, 47,
2002, pp. 1974-1985.
[31] R.A. MacLachlan, B.C. Becker, G.W. Podnar, L. A. Lobes and C.N. Riv-
iere, ”Micron: An actively Stabilized Handheld Tool for Microsurgery,” IEEE
Trans. Robotics, Vol. 28, No. 1, pp. 195-212.
[32] S. Skogestad, ”Simple Analytic Rule for Model Reduction and PID Controller
Tuning,” J.of Process Control 13, pp.291-309, 2003.
[33] U. Macder, F. Bomelli and M. Morari, ”Linear offset-free Model Predictive
Control,” Automatica 45, pp. 2214-2222, 2009.
[34] A. Bemporad, M. Morari, V. Dua and E.N. Pistikopoulos, ”The Explicit
Linear Quadratic Regulator for Constrained Systems,” Automatica, 38, pp.
3–20, January 2002.
[35] M. Kvasnica, P.Grieder, M. Baotic, M. Morari, “Multi-parametric Toolbox
(MPT),” url: http://control.ee.ethz.ch/ mpt/.
Chapter 4
Pen-like active magnetic
micromanipulator
4.1 Pen-like active magnetic micromanipulator
This chapter focuses mainly on suppressing the fluctuation of the active magnetic
micromanipulator caused by a tremor. The handheld micromanipulator actually
requires the z-axis, which is considered to be future work. The active magnetic
micromanipulator with flexible structures was firstly introduced in [1]. In that
work, the micromanipulator consisted of two cascaded flexible links. They are
connected in such a way that the first and second links were arranged to move along
the y-axis and x-axis, respectively. For actuators, the combination of permanent
magnets hung on the moving part and electric coils fixed on the stationary frame
was utilized because such a mechanism offers a simple and linear relation of an
electrical force and a voltage in a specified working range. The compact design like
a pen see Fig. 4.1 was introduced in [2]. However, the compact design is still based
on the flexible structure. The micromanipulator was controlled by an explicit
model predictive control to achieve the excellent tracking performance and good
robustness against variations of holding angles. However, the effects of a tremor
caused by the user’s hand have not studied because the micromanipulator was
fixed with a stationary stage. In this chapter, the micromanipulator is controlled
by the hybrid control to handle not only the reference tracking and, but also
tremor effects. The micromanipulator in Fig. 4.1 is used to study a tracking
performance whereas the effects of a tremor are taken into account.
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Figure 4.1: Pen-like active magnetic micromanipulator prototype.
The main disturbance , focused in this chapter, of the handheld micromanipulator
is the fluctuation of the manipulator’s end position caused by the user’s hand,
a tremor. Experimentally, we have measured the fluctuations by means of high
speed microscope whereas the micromanipulator was held by the user. The results
are shown in Fig. 4.2. The amplitudes are less than 200µm within 5 seconds of
an operation. Thus, the working range of a micromanipulator is set to be 400µm2.
However, such range is able to readjust easily. The fluctuation frequency has the
range 10 − 13 Hz [3]. These information indicates the gap between permanent
magnet and electric coil. In addition, it leads to the closed-loop bandwidth to
handle tremor effects.
4.2 Mathematical model with gravitational force
The active magnetic micromanipulator is a two-dimensional micromanipulator
moving in x and y-axis. It consists of two links. For each link, the microma-
nipulator’s dynamic behaviour can be modeled identically. The displacement as-
sumptions and variable definitions of the micromanipulator are depicted in in
Fig. 4.3(a). The displacement is assumed to take place in just along x-axis
while the displacement along z-axis is ignored because of the microscopic working
range 200µm. In Fig. 4.3(b), the variable θ denotes the holding angle, which
is measured in downward direction called a nominal position. The holding angle
Chapter 4. Pen-like active magnetic micromanipulator 76
Figure 4.2: Tremor measured by the high speed microscope.
normally varies over |θ| ≤ 90◦. At the nominal position, the micromanipulator
can be represented by the mass spring damper.
mx¨+ cx˙+ kx = fin (4.1)
where m, c and k are the equivalent mass, damper and spring constants, respec-
tively. However, the effect of gravitational force must be taken into account when-
ever the holding angle is away from the nominal position Near the center, the mass
spring damper model and the effect of gravitational force is used
mx¨+ cx˙+ kx = fin −mg sin θ (4.2)
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Figure 4.3: Schematic representation of the flexible link.
A term mg sin θ represents the gravitational force. Because of microscopic working
range, the electromagnetic force is assumed to be proportional to coil current.
A voltage to current converter is used in our experiments. The relationship ,
therefore, can be described as
fin = Kv (4.3)
where v is the input voltage to the converter. A linear time-invariant model
established at the nominal position, θ = 0, is utilized in this chapter. The flexible
structures cause the initial displacement whenever the holding angle is not zero.
This initial displacement may impose an infeasibility in the EMPC controller. In
addition, the holding angle changes cause the system to be a nonlinear system.
In conclusion for x and y-axis, the important variables are as follows:
• The manipulated variables are the current applied to both electric coils or
the voltages applied to the voltage to current circuits. Those voltages for x
and y-axis are ux and uy.
• The controlled variables are the displacements along x and y-axis denoted
by zx and zy.
• The disturbances are
1. Fluctuation due to flexible structures caused the fluctuation in zx and
zy.
2. Imperfect decoupling between x and y-axis.
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3. Holding angle changes.
4. Tremor, or user’s hand vibration. This is the main disturbance in this
chapter.
The mathematical model establishing at the nominal position θ = 0 will be used
in this chapter. Therefore, the transfer functions of x-axis and y-axis link can be
written as
Gx(s) =
Kx
mxs2 + cxs+ kx
(4.4)
Gy(s) =
Ky
mys2 + cys+ ky
(4.5)
The corresponding linear time-invariant discrete-time state space models for both
the x-axis and y-axis are written as
x(t+ 1) = Axx(t) +Bxux(t) (4.6)
zx(t) = Cxx(t) +Dxux(t)
y(t+ 1) = Ayy(t) +Byuy(t) (4.7)
zy(t) = Cyy(t) +Dyuy(t)
where t is a discrete-time index. For the x-axis link, x ∈ R2 is a state vector, ux
is an input voltage to corresponding coils, and zx is an output variable that is the
displacement along the x-axis. For the y-axis link, y ∈ R2 is a state vector, uy is
an input voltage to corresponding coils, and zy is an output variable that is the
displacement along the y-axis.
4.3 Hybrid control formulation for pen-like ac-
tive magnetic micromanipulator
In this section, the hybrid control is used to control the pen-like active magnetic
micromanipulator. The procedure is very much the same as last chapter except the
PID parameters. The new tuning rule based on the underdamp transfer function
is used for PID controller. A hybrid control scheme depicted in Fig. 4.4 for
a micromanipulator was introduced in [4]. The control scheme consisted of a
combination of a PID controller and EMPC controller.
Chapter 4. Pen-like active magnetic micromanipulator 79
Figure 4.4: Robust hybrid control scheme for a handheld micromanipulator.
The control objectives are to achieve:
1. Tracking reference signals defined by zrefx and z
ref
y .
2. Rejecting external disturbances which are imperfect decoupling and the
tremor.
3. Robustness due to holding angle changes.
4. Reducing fluctuation in zx and zy due to parallel leaf spring.
In this chapter, the hybrid control is utilized. The design of the hybrid control is
summarized here:
1. PID controller: a PID tuning rule used in [4] and presented in [5] was not
suitable for the micromanipulator based on the flexible structure. To im-
prove the performance, a two degree of freedom PID control scheme with
the following control law is used
u(s) = Cr(s)z
ref (s)− C(s)z(s) (4.8)
Cr(s) = Kp(b+
1
sTi
)
C(s) = Kp
(
1 +
1
sTi
+
sTd(
Td
N
)
s+ 1
)
Chapter 4. Pen-like active magnetic micromanipulator 80
where Kp, Ti, Td and N are controller parameters. However, the results pre-
sented in [5] based on IMC method can be expanded for the underdamped
system,
G(s) =
k
τ 2s2 + 2ζτs+ 1
(4.9)
where its time response is very similar to the handheld micromanipulator.
The PID parameters can be established by means of the IMC approach and
the results obtained are summarized as
Kp =
2ζτ
kτc
Ti = 2ζτ (4.10)
Td =
τ
2ζ
where the designing parameter τc is a first-order closed-loop time constant.
Its value can be chosen easily.
2. Explicit model predictive control: the main purpose of the handheld micro-
manipulator is to handle a tremor and to track the reference signal without
steady state error. As a common tracking problem, the quadratic cost func-
tion is employed. The explicit control law [6] is obtained by solving the
following optimization problem:
min
ux0,...,uxN−1
N−1∑
k=0
‖xk − x¯t‖2Qx + ‖uxk − u¯t‖2Rx
subject to Exxk + Lxuxk ≤Mx, k = 0, . . . , N
xk+1 = Axxk +Bxuxk, k = 0, . . . , N
xdk+1 = xdk, k = 0, . . . , N (4.11)
x0 = xˆ(t)
xd0 = xˆd(t),
in which x¯t and u¯t are given by[
Ax − I Bx
Cx 0
][
x¯t
u¯t
]
=
[
0
zrefx − xˆd(t)
]
(4.12)
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where ‖x‖2Q ≡ xTQx,Qx ≥ 0 and Rx > 0. The variables x¯t and u¯t are the
target state and target input, respectively. The constraints, ux(t) ≤ umaxx
and zx(t) ≤ zmaxx can be rewritten as the inequality constraint Exxk+Lxuk ≤
Mx. Note that the current input ux(t) is distinguished from the optimization
variables uxk. Analogously, the state x(t) and xd(t) denote the system state
and disturbance state at time t, while the corresponding variable xk and
xdk denote the predicted state at time t + k, obtained by x0 = xˆ(t) and
xd0 = xˆd(t). The disturbance states play an important role in achieving
off-set free tracking.
The optimal control law u∗x(t) is defined over a polyhedral partition of the
state space
u∗x(t) = K
i
x
[
xˆ(t)
xˆd(t)
]
+ kix,
[
xˆ(t)
xˆd(t)
]
∈ Ri (4.13)
The optimal control law Eq. (4.13) is continuous and piecewise affine in[
xˆ(t) xˆd(t)
]T
. The polyhedral partition is denoted by Ri. The Kix and k
i
x
are the controller gain corresponding to partition i, or region i. In implemen-
tation, the procedure for computing the optimal control law u∗x(t) consists
in determining the active region i which the state variables
[
xˆ(t) xˆd(t)
]T
belongs. Note that the estimated state and disturbance are utilized in the
control law. The explicit solutions can be obtained via the multi-parametric
toolbox [7], and the searching of the active region can be accomplished by
the binary search tree.
3. Switching policy: the proposed hybrid control, comprised of the EMPC and
PID controller, handles the operations of a handheld micromanipulator con-
structed from the parallel leaf springs. Such flexible structures inherently
produce the blending caused by a gravity force whenever the holding angles
are away from the nominal position θ = 0◦. The main aim of the PID con-
troller is to bring the flexible link back to center before the EMPC follows
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the user’s commands optimally, such as in circle cutting.
if(reference == 0)
PID controller;
else (4.14)
EMPC;
end
According to Eq. (4.14), the reference signal, therefore, is the only factor in
the switching policy between the EMPC and PID controller.
In addition, the current states play a crucial role during the switching period
from PID to EMPC control. To smoothly switch, the Kalman filter has to
keep estimating all system states, including the disturbance state, even if the
handheld micromanipulator is controlled by the PID controller at that time.
These estimated states allow for proper and smooth control when the EMPC
is switched to. Without information on the current states, the closed-loop
system performance becomes poor or even unstable.
4.4 Experimental study
4.4.1 Design of a hybrid controller
In this chapter, a linear time-invariant model established at the nominal position,
θ = 0◦, is utilized for a controller design in order to handle the operations of the
active magnetic micromanipulator robustly against large variations in the holding
angle and tremor. Because each link is constructed from a flexible structure,
the dynamic behavior shows strong oscillation and takes a long time to settle
whenever the structure is subjected to the external force. Since the working range
of each axis is very tiny, a dynamic behavior can be equivalently represented by the
standard mass spring damper model Fig. 4.4 (the modeling details are omitted).
The linear time-invariant discrete-time state space models for both the x-axis and
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y-axis are written as
x(t+ 1) = Axx(t) +Bxux(t) (4.15)
zx(t) = Cxx(t) +Dxux(t)
y(t+ 1) = Ayy(t) +Byuy(t) (4.16)
zy(t) = Cyy(t) +Dyuy(t)
where t is a discrete-time index. For the x-axis link, x ∈ R2 is a state vector, ux
is an input voltage to corresponding coils, and zx is an output variable that is the
displacement along the x-axis. For the y-axis link, y ∈ R2 is a state vector, uy is
an input voltage to corresponding coils, and zy is an output variable that is the
displacement along the y-axis. With a sampling period Ts = 0.001 second, the
dynamic behavior of the x-axis and y-axis flexible links can be roughly identified
and described by the discrete-time state spaces in Eq. (4.16) and Eq. (4.17) with
Ax =
[
0.9434 0.3143
−0.3163 0.9490
]
, Bx =
[
0.0004
0.0149
]
(4.17)
Cx =
[
498.1674 57.1028
]
, Dx = 0
Ay =
[
0.9769 0.1649
−0.1653 0.9845
]
, By =
[
0.0007
0.0106
]
(4.18)
Cy =
[
543.0023 36.6877
]
, Dy = 0.
A tremor signal has a frequency range 10-13 Hz. Therefore, the closed-loop band-
width is specified at 2 Hz to surely handle the fluctuations caused by the tremor.
The weighting matrices play an important role in adjusting the bandwidth when
the prediction and control horizon are fixed. For the y-axis, the weighting matrices
Qy and Ry are 40 and 0.01. For the x-axis, the weighting matrices Qx and Rx are
1000 and 0.001. Choosing of those matrices is based on trial and error. The predic-
tion and control horizon chosen are 30 and 2, respectively. The prediction horizon
has profound effects on dampening the oscillation caused by a flexible structure
of the micromanipulator. The larger the prediction horizon, the smoother the re-
sponse.The multiparametric toolbox [7] is used to solve the problem in Eq. (4.11)
and synthesize the associated controller, which results in 9 regions for both axes.
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For offset-free tracking, state variables are estimated using[
x(t+ 1)
xd(t+ 1)
]
=
[
Ax 0
0 1
][
x(t)
xd(t)
][
Bx
0
]
ux(t) +
[
Gx 0
0 Gdx
][
wx(t)
wd(t)
]
(4.19)
zx(t) =
[
Cx 1
] [ x(t)
xd(t)
]
+Dxux(t) + vx(t)
where
[
wx(t) wd(t)
]T
and vx(t) are assumed to be white Gaussian noise signals.
A Kalman filter plays two important roles in the proposed hybrid control, which
depends on switching policy. If a PID controller is selected, the Kalman filter
estimates the current states in order to start the EMPC. If the EMPC is selected,
the Kalman filter estimates all states for feedback. The Kalman filter design is
accomplished using a Matlab control system toolbox.
For the Kalman filter design, the augmented model in Eq. (4.19) is directly
used with the given matrices in Eq. (4.18) and Eq. (4.19). The matrices
Gx =
[
0.0012 0.0014
]T
and Gdx = 10 are utilized for the x-axis link whereas
the matrices Gy =
[
0.0014 0.005
]T
and Gdy = 10 are utilized for the y-axis link.
In the experiments, we found that the matrices Gdx and Gdy had a profound effect
on the estimating time of the states xd(t) and yd(t). Therefore, the matrices Gdx
and Gdy could be considered as the performance tuning parameter. In addition,
based on trial and error, the variances selected are E[wxw
T
x ] = E[wyw
T
y ] = 0.001,
E[vxv
T
x ] = E[vyv
T
y ] = 0.01 and E[wdw
T
d ] = 0.01 for both links.
To design the PID parameters, the mathematical models in Eq. (4.18) and (4.19)
have to be converted into a continuous transfer function according to Eq. (4.9)
Gx(s) =
23.2514
0.00312s2 + 2× 0.0083× 0.0031s+ 1 (4.20)
Gy(s) =
34.6717
0.00602s2 + 2× 0.0328× 0.0060s+ 1 (4.21)
The obtained transfer functions are the mathematical model of mass spring damper.
As a result, the PID parameters for both the x- and y-axis are obtained using Eq.
(4.10) where the underdamp transfer function is used without any approximation.
The result is shown in Table. 4.1.
Chapter 4. Pen-like active magnetic micromanipulator 85
Table 4.1: PID parameter values for the x- and y-axis links.
Link Kp Ti Td N
X 3.7064× 10−5 5.1707× 10−5 0.1870 200
Y 1.8885× 10−4 3.9287× 10−4 0.0911 200
A standard criterion of root mean square (RMS) value of the position tracking
error is utilized as the qualified error measurement. The RMS value is defined as
RMS[e] =
√√√√ 1
n
n∑
i=1
‖e(i)‖22 (4.22)
The following reference signals are utilized
zrefx = mx cos(2pift) (4.23)
zrefy = my sin(2pift)
where mx and my are amplitudes. Generally, the amplitude can be any value in
the working range.The frequency f = 0.5 Hz is used in experiments.
4.4.2 Tracking performance
Figure 4.5: Active magnetic micromanipulator fixed with a rotational stage.
The experimental set up is shown in Fig. 4.5. The active magnetic micromanip-
ulator has 2.5 cm diameter and 10 cm length. it is held with a fixed stage. The
experiments in this section are conducted to evaluate the tracking performance.
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Figure 4.6: 50µm× 50µm square tracking with 1 second completion time.
Figure 4.7: Triangle tracking with 50µm at each vertex with 1 second
completion time.
The first reference signal is the constant velocity signal, for example, a square or
triangle. The square reference is 50µm×50µm with the 1 second completion time.
For the triangle, each vertex has 50µm and tracking time is 1 second as well. The
effectiveness of the proposed method is indicated by Fig. 4.6 and Fig. 4.7. The
active magnetic micromanipulator with the hybrid control can track the constant
velocity signal very well. Both of reference signals are fulfilled with small RMS
error less than 2µm.
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4.4.3 Suppressing tremor effects on active magnetic mi-
cromanipulator
Figure 4.8: The effects of a tremor on circle tracking with RMS error 1.47µm.
Figure 4.9: The effects of a tremor on ellipse tracking with RMS error 2.81µm.
In experiments, the active magnetic micromanipulator was held by the user’s hand
while tracking the reference signals,a circle and ellipse. The active magnetic micro-
manipulator is used to track the circle reference Eq. (4.23) with mx = my = 50µm.
During first second, the reference signal is zero. After that, the micromanipula-
tor starts tracking the reference signal. The micromanipulator was held by the
user’s hand with the holding angle around θ = 30◦. In Fig. 4.8, a PID controller
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becomes active during first second because the reference is zero. The microma-
nipulator tip is brought to center before starting to track the circle reference.
During a tracking phase, a EMPC becomes active which takes 0.1 second for a
transient time and 2 seconds for completing a circle tracking task. The RMS error
is 1.74µm. In Fig. 4.9, the active magnetic micromanipulator is used to track the
ellipse reference Eq. (4.23) with mx = 100µm and my = 50µm. The RMS error
is 2.81µm. The RMS error becomes higher when a micromanipulator is tracking
more complicated reference signals. However, the RMS errors are still acceptable.
The robust hybrid control can handle a tremor successfully.
4.5 PID controller for maintaining needle tip
Figure 4.10: Two degree of freedom PID control scheme for pen-like active
magnetic micromanipulator.
The proposed control scheme for the active magnetic micromanipulator is shown
in Fig. 4.10. The active magnetic micromanipulator is represented by a mass
spring damper model for both x-axis and y-axis. The two degree of freedom PID
controller is utilized in Fig. 4.10 which the control law is expressed in Eq. (4.8).
The design of the closed-loop system has to robustly handle large variations of the
holding angle. In the experiments, we found that the proposed control scheme can
handle the effects of the gravitational force and uncertainties due to the flexible
structure, or the effects of the term mg sin θ.
Chapter 4. Pen-like active magnetic micromanipulator 89
Figure 4.11: Responses of active magnetic micromanipulator whereas main-
tains at zero.
4.5.1 Experimental results
The aim of experiments is to study the performance of maintaining the tip of the
active magnetic micromanipulator at the desired position despite of a tremor, the
main disturbance. In the experiments, the active magnetic micromanipulator is
held by the user’s hand who has no any skill on microsurgeries. The experimen-
tal results are shown in Fig. 4.11. In this figure, the holding angles is about
30◦. Therefore, the initial displacements caused by the gravitational force in both
x- and y-axis are −10µm and −14µm, respectively. At this holding angle, the
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gravitational force causes the uncertainties. The tip of the active magnetic mi-
cromanipulator is bring back to centre within 0.2 second and maintain at such
position for 5 seconds with the deviation less than 4µm for both axes. Actually,
we tested at several holding angles and the results were similar. The experiments
indicate that the proposed method handles the fluctuation and uncertainty effec-
tively. In Fig. 4.12, the tip of the micromanipulator is maintained at a centre
Figure 4.12: PID control scheme of the proposed active magnetic microma-
nipulator at zero with deviation less than 4µm.
whereas it is held by the user’s hand. the experimental results are shown in xy
plane. At first the tip of the micromanipulator is away from the centre. Using
the proposed control scheme, the tip is brought into the centre and maintained at
that position which the error is less than 4µm for most of time.
4.5.2 Tracking performance with PID controller
The experiments in this section is to investigate the PID performance for tracking
a circle and ellipse reference. The frequency of the reference signal is 0.5 Hz. For
the circle tracking with a radian 50µm the result is shown in Fig. 4.13. The
RMS error at the steady state is less than 4µm. However, its shape is not exactly
the circle. This is because the tracking frequency is too high for PID controller.
For the ellipse tracking with mx = 100µm and my = 50µm, the result is shown in
Fig. 4.13. The RMS error at the steady state is less than 4µm as well and its
shape is not the ellipse. The same conclusion on the tracking frequency is applied.
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Figure 4.13: Circle tracking with PID controller.
Figure 4.14: Ellipse tracking with PID controller.
4.6 Conclusion
We have proposed the active magnetic micromanipulator controlled by the hybrid
control scheme. The structure of micromanipulator consists of the parallel leaf
spring. Therefore, the initial displacements caused by the gravitational force take
place. Because of the flexible structure, the constraints on the XY displacement
have to take into account. The main disturbance of the active magnetic microma-
nipulator is the fluctuation caused by the user’s hand having the frequency 10-13
Hz. Therefore, the closed-loop bandwidth is chosen to be 2 Hz, which is able to
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track the sinusoidal signal with 0.5 Hz without any attenuation. For the EMPC
design, the prediction horizon plays an important role in reducing the fluctuation,
i.e. the larger prediction horizon, the smaller fluctuation. Obviously, the hybrid
control is suitable for the proposed micromanipulator because the fluctuation due
to the flexible structure is able to handle directly through the prediction horizon.
The experimental results reveal the effectiveness of the proposed method to handle
the holding angle changes. The root mean square error and infinity norm error do
not change whereas the holding angles are changed.
In addition, a PID control scheme for a active magnetic micromanipulator with the
flexible structure to maintain its tip at a desired position against the fluctuation
caused by a user’s hand vibration is also studied. However, standard tuning rules
are not suitable for a system with an underdamp response. Therefore, the IMC
tuning rule is expanded for the response of the active magnetic micromanipulator.
The experimental results reveal that the proposed control scheme can maintain
the tip of the active magnetic micromanipulator at the desired position with a tiny
deviation less than 4µm whereas the active magnetic micromanipulator is held by
the user hand who has no any skill on microsurgeries. In addition, the control
scheme can handle the uncertainties caused by the gravitational force.
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Chapter 5
Conclusion and future direction
5.1 Conclusion
The thesis proposes control schemes based on an explicit model predictive control
(EMPC) for suppressing fluctuation in a response of mechanical systems. Two
fluctuation systems are considered, i.e., torsional fluctuation system and active
magnetic micromanipulator. For torsional fluctuation system, the robust EMPC
scheme is proposed to achieve not only good tracking performance and load-change
effect rejection, but also small fluctuation. In addition, the measurement noise con-
tains outliers is taken into account as well. The details are discussed in chapter 2.
For the active magnetic micromanipulator, the hybrid control scheme is proposed
to achieve optimal tracking performances and to handle holding angle changes and
a tremor. The hybrid control is the combination of EMPC and PID controller.
The idea behind the hybrid control is to use the PID controller to handle the
initial displacement caused by holding angle changes, or a gravitational force. In
addition, the EMPC controller is used to handle optimal tracking performance
and suppressing the fluctuation. The details are discussed in chapter 3 and 4.
5.1.1 Chapter 1 conclusion: introduction
The chapter is introduced two fluctuation systems focused in the thesis. First
is the torsional fluctuation system. The control variables are defined and main
disturbances are shown. The control objective is to suppress the fluctuation and
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reducing outlier effects in a measured variable. The control strategy is to utilize
the EMPC controller to suppress the fluctuation and the estimator to reduce
outlier effects. The combination is called robust EMPC. The idea behind such
combination is to use suitable norms to handle the control objectives, i.e., 2-norm
for suppressing fluctuation and 1-norm to reduce outlier effects. Second is an active
magnetic micromanipulator, which is a nonlinear system. The main disturbances,
holding angle changes and a tremor are defined. The control strategy is to use
the combination of PID and EMPC controllers, hybrid control scheme. Both of
controllers are a linear controller. The idea behind the hybrid control scheme is to
use the PID controller to handle initial displacements and the EMPC controller
to cope with tracking performances. In addition, the single beam system is used
to study the performances of two standard controllers, PID and LQG. The results
reveal that the fluctuation system requires more advanced control scheme.
5.1.2 Chapter 2 conclusion: robust EMPC formulation for
torsional fluctuation system
The torsional fluctuation system is proposed and indicated that such system can be
represented by two-mass system equivalently. The cause of the fluctuation comes
from the mismatch speed. The two-mass system contains not only fluctuation in
a motor speed but also an outlier, the control objectives are to achieve:
1. Tracking referent signals.
2. Robustness due to parameter changes.
3. Suppressing fluctuation caused by the speed mismatch.
4. Reducing the effects of the outliers.
The idea to suppress the fluctuation is to reduce the mismatch speed. The robust
EMPC control scheme is proposed to achieve above four performances. The robust
EMPC is the combination of the EMPC controller and estimator designed by a
convex optimization which the cost function contains 1-norm to handle an outlier
directly. The idea is to select the right norm for the outlier. The 2-norm is not
suitable for the outlier so the standard combination that is EMPC and Kalman
filter shows poor performance when the measured output contains the outlier.
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Separately, first three objectives are dealt with the EMPC controller whereas the
last objective is coped with the estimator. Actually, 1-norm can be incorporated
in the cost function of EMPC optimization problem but the problem turns out to
be multi objective optimization. The multi objective optimization is one of com-
plicated optimization problem. Therefore, 1-norm is incorporated in the estimator
design. The simulation results are compared with the PID controller. The results
reveal that the proposed method effectively handles the fluctuation and outlier.
Disadvantage is that the estimator has to compute on-line for every sampling time.
5.1.3 Chapter 3 conclusion: hybrid control formulation of
active magnetic micromanipulator
Two-dimensional active magnetic micromanipulator is proposed to operate in mi-
cro scale. The micromanipulator is able to move in x and y-axis. Both axes of the
micromanipulator use the same structure and each axis connects in cascade. Each
axis is consisted of parallel leaf springs. Electric coils and permanent magnets are
used to produce an actuator to form double drivers. The main disturbances are
imperfect decoupling, holding angle changes and a tremor. The tremor effects are
addressed in next chapter. The control objectives are to:
1. Tracking reference signals, for examples, a circle or ellipse.
2. Rejecting external disturbances, for examples, imperfect decoupling.
3. Robustness against holding angle changes.
4. Reducing fluctuation due to parallel leaf spring structures.
The hybrid control scheme is proposed to achieve above performances. The hybrid
control is the combination of the EMPC and PID controller. The PID controller is
used mainly to handle the initial displacement caused by the gravitational force.
The effectiveness of the proposed method is shown by the experimental results
and compered with PID controller. The comparison reveals that the hybrid control
scheme tracks the reference signals efficiently while the PID control scheme can not
make it. The experimental results show that the hybrid control scheme achieves
the RMS error which is less than 4 micro meters for all holding angles.
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5.1.4 Chapter 4 conclusion: pen-like active magnetic mi-
cromanipulator
The aim of this chapter is to propose an active magnetic micromanipulator oriented
to microscopic treatments on medical applications, which coming with compact
design and simple mechanism and fabrication. The moving mechanical structure
is the same as chapter 3, i.e., the proposed structure consists of two flexible de-
coupling links, each of which is driven by the combination of electric coils and
permanent magnets as an actuator. Such configuration offers a simpler dynamic
behaviour in view of the control design. The control scheme is the hybrid control
presented in chapter 3 but PID controller is tuned by new tuning rule. The control
objectives are to:
1. Tracking reference signals, for examples, a circle or ellipse.
2. Rejecting external disturbances which are imperfect decoupling and tremor.
3. Robustness against holding angle changes.
4. Reducing fluctuation due to parallel leaf spring structures.
The additional disturbance handled in this chapter is the tremor imposed on the
structure which can be measured by strain gauges. By measuring the tremor
signal, the magnitude is less than 200 micro meters in first five second and a
frequency is 10-13 Hz. Therefore, the idea to handle the tremor is to achieve the
closed-loop bandwidth less than the tremor’s frequency. The experimental results
reveal that the proposed active magnetic micromanipulator controlled by hybrid
control can track reference signals efficiently with tiny fluctuation less than 4 micro
meters whereas the micromanipulator is held by a user. In addition, the results
also indicate that the tracking performance is not affected by the changing of the
holding angle.
5.2 Future works
The results in this thesis reveal that the control scheme based on an explicit model
predictive control can reduce the fluctuation in responses caused by the structure
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Figure 5.1: Three-dimensional active magnetic micromanipulator prototype
where a linear actuator is used for z-axis.
mechanism. For the active magnetic micromanipulator, the degree of freedom
will be added in order to move along x, y, and z-axis shown in Fig. 5.1. The
new axis, z-axis, is designed using a linear actuator which is not required for any
control loop. Three-dimensional micromanipulator will become more practical in
applications. In addition, the tremor compensation will be studied by means of the
microscope sensor because the strain gauges sensor just detect the inner vibration
which the movement of the user’s hand and the micromanipulator is relative each
other. However, the microscope will be used as the another loop control that
we anticipated that the effects of a tremor will be improved while the tracking
performance is maintained.
Another direction is the end effector. Several end effectors can be joined, for
example, the heating or cooling needle. The laser diode is one of end effectors
that can put and use the results in this thesis directly. Obviously, the results in
this thesis are very useful to control the fluctuation systems. The hybrid control
scheme enable us to construct a pen-like active magnetic micromanipulator to
work and accomplish beyond the human dexterity.
